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Terahertz radiation (typically defined as 1 OOG Hz-l OTHz), lies be-
tween the microwave and infrared regions of the electromagnetic 
spectrum, has been under extensive study during the past 15 years. 
It has been probed for applications in many fields such as astronomy, 
telecommunications, national security, and biomedicine. Among 
several unique features of terahertz radiation are its sensitivity to 
soft tissue as well as being non ionizing. These make it well suited to 
biomedical imaging. Breast cancer and skin cancer with terahertz 
detection are the most outstanding examples. Cartilage is also a 
type of soft tissue present in our body. In this work, we investigate 
the feasibility for terahertz to detect a disease developed on this soft 
tissue, osteoarthritis. 
Osteoarthritis (OA) is a common form of arthritis caused by the 
breakdown of cartilage. It usually influences the hands , feet and 
weight bearing joints, such as knees, hips and spines. OA is treat-
able in the early stages. However, X-ray radiation which is usually 
employed in clinical diagnosis of OA is unable to detect changes 
during the early stages. Hence, a new non-invasive imaging tech-
nique is in pressing need for early diagnosis as well as a non-ionizing 
approach for tracking the disease situation. In this study, terahertz 
pulse imaging (TPI) is employed to measure OA femoral condyles ex-
tracted from rabbit knee joints in reflection geometry. R,eflections off 
the tissue have been observed and we found optical delays between 
reflections are able to reveal information about the internal struc-
ture of cartilage. This means we can quantify cartilage thickness 
by transforming optical delays extracted from terahertz response. 
Moreover , we have used the finite time domain difference (FDTD) 
model to simulate the THz reflections from multi-layers as well as 
the effect on reflections caused by gradually changed refractive index 
profile. 
Terahertz Time Domain Spectroscopy (THZ-TDS) transmission 
system is another research area focused in this work. A THZ-TDS 
transmission system was set up. In the system, terahertz pulse 
is generated by exciting a bow-tie photoconductive antenna with 
a 800nm Ti:Sapphire laser. Hence, in the near future , our group 
would able to conduct THz measurements in both reflection and 
transmission geometry. Numerous tests have conducted for data 
validation. We have measured water samples using liquid cells and 
we have obtained an appropriate refractive index value of the quartz 
by measuring a thin slice of it with the known thickness. Moreover , 
we have examined some sliced cartilage samples using this system. 
These data will be used to investigate the cartilage optical properties 
under transmission geometry. 
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1.1 Terahertz Radiation 
Terahertz radiation (1THz== 1012Hz) is the electromagnetic wave lo-
cated between microwave and infrared of the electromagnetic spec-
trum, generally defined from 100 GHz ( O.lTHz) to 10 THz. In 
terms of wavelength, this corresponds to 3mm to 30f-Lm respectively. 
We are familiar with the microwave and infrared radiations, which 
can be generated and detected by the electronic and photonic mech-
anisms respectively. The terahertz radiation is in the gap between 
them, as illustrated in figure 1.1. It is previously known as the 'THz 
gap' because it was difficult to generate and detect THz radiation 
by photonic or electronic mechanisms. 
THz radiation is abundant in the natural environment. Every 
object around us with temperature over 10 kelvin emits THz wave 
as the 'black-body radiation'. For example, the human body is con-
stantly emitting radiation in the THz range. The radiation found in 
the nature is generally 'incoherent' and very low in power. So it is 
not able to be employed in scientific and technological applications. 
The technology to generate and detect 'coherent' THz radiation in 
an efficient way does not exist for a long time. If the measurement 
is approached using a electronic device, the power of the electronic 
devices rolls off at frequency beyond a few hundreds of GHz and 
1 
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Figure 1.1 : The terahertz region of the electromagnetic spectrum lies between the 
infrared and microwave region , where neither photonic nor optical device works 
well. 
becomes unresponsive beyond that range. In the same way, the 
measurement cannot be done by a laser diode because the effec-
tive frequency extends down only to the far infrared region. As the 
energy of the THz radiation is lower than the infra-red, the semi-
conductor diode with a smaller band gap is required, which is not 
feasible with current materials[57]. 
However, with the pioneering study of Auston et. al. [2] at the 
1980's, the situation changed dramatically. Auston and the group 
introduced the use of photoconductive switch to generate THz pulses 
as well as proposed a coherent method to detect THz pulses in time-
domain[3]. It is the foundation of the Terahertz time-domain spec-
troscopy (THZ-TDS), since then massively research utilizing THZ-
TDS was proposed and lead to the niche of THz technology. 
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1.2 Biomedical Applications of Terahertz Imag-
. lng 
Compared to other parts of the electromagnetic spectrum, THz 
regime is the least and last exploited. 
Early applications of THz technology were confined mostly to 
space science[62] and molecular spectroscopy[39] [16], but interests to 
biomedical applications has been increasing since the first introduc-
tion of terahertz pulsed imaging (TPI) in 1995 by Hu and Nuss[26]. 
Their THz images of porcine tissue demonstrated a contrast between 
muscle and fats. This initial study promoted later research on apply-
ing Thz imaging on other biological samples. Arnone et. al. [1] im-
aged teeth and artificial skin models. Fitzgerald et. al. constructed a 
catalogue of human tissue over THz frequency [21] (including blood, 
skin, adipose tissue, striated muscle, vein and nerve). More advance 
research was carried out to emerge TPI as a novel tool in disease 
diagnostics. Dental caries detection by Crawley et. al. [15], probing 
of skin cancer by Woodward [64] and breast cancer by Fitzgerald 
et. al. [22] are the prominent examples utilizing TPI technique. 
The mechanism for THz radiation to distinguish cancerous tis-
sue from the normal is attribute to its highly sensitivity to water 
content. As tumour usually contains more water, comparing the 
attenuation of THz responses could therefore resolved the tumour 
area with different contrast on its THz image. 
Non-ionising nature is another crucial property leading the THz 
technique to medical applications. The energy level of 1 ·THz is 
only about 4.14 meV (which is much less than the energy of x-rays 
0.12 to 120 keV) , it therefore does not pose an ionization hazard 
like the one in x-ray radiation. Research into safe levels of exposure 
has also been carried out through studies on keratinocytes [9] and 
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blood leukocytes [6][67] neither of which has revealed any detectable 
alterations. 
1.3 THz Spectroscopy 
A distinct advantage of terahertz imaging over other techniques is 
its ability to provide spectral information. The spectral information 
can be acquired by Fourier Transform (FFT) the time domain THz 
waveform in order to implements the Teraherz time-domain spec-
troscopy (THz-TDS). Many materials show different spectral finger-
prints in the THz frequency range, which means THz spectroscopy 
can be used to identify them. Therefore, TDS has been used to 
investigate tissue differentiation [37], drug identification [33], and 
DNA probing [8][20] by revealing their spectra properties over the 
THz regime. 
1.4 Osteoarthritis 
Cartilage thickness is a crucial factor for diagnosing osteoarthritis 
(OA). Early experiments imaging cartilage with terahertz radiation 
were conducted by Knobloch et. al. [29] on excised pig larynx tissue. 
They demonstrated the absorption difference of THz radiation on 
the cartilage from the surrounding soft tissue. Subsequently, Jung 
et. al. [27] measured the THz spectral properties of human articular 
cartilage and showed differences between osteoarthritic cartilage and 
normal cartilage. T'hese earlier studies of cartilage in THz region 
suggested the use of TPI is promising on cartilage tissues. Therefore, 
in this work, we explored the potential of TPI to quantitatively 
measure the cartilage thickness by studying the THz interaction on 
rabbit femoral condyles with OA. 
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1.5 Aim and motivation 
Early osteoarthritis is potentially reversible and treatable before the 
cartilage is lost. However, the current diagnosis tools of OA is not 
able to detect the early changes. Although some recent research of 
optical coherence tomography (OCT) and advanced magnetic res-
onance imaging (MRI) have shown potential to detect part of the 
early changes, these techniques are not matured for clinical use yet 
and some unsolved technical problems remained. 
Small mammals like mice and rabbits are used as the model of OA 
to study the pathogenesis of cartilage degeneration and to evaluate 
the chondroprotective drugs for clinical use. In order to investigate 
the development of the disease over time, these experimental use 
animals would be euthanized after different period of time. If there 
is a diagnosis tool which allow in vivo monitoring of the OA pro-
gression among the cartilage without killing the animals , it would 
help to reduce the number of sacrificed animals as well as to save 
the experimental cost and time. 
In view of the above fact, there is a need for a diagnosis tool which 
can be used in vivo to monitor the early changes of OA. Thus , in 
this thesis, we investigate the feasibility for TPI and TDS to act as 
the diagnosis tool of OA or to add complementary information by 
working with other techniques. 
1.6 Overview of thesis 
In this thesis we present the experimental and theoretical study on 
the interaction of THz radiation with osteoarthritis knee joint car-
tilage. In Chapter 2 we provide the theory and analysis t echniques 
used throughout this work. Firstly we outline the basic physics of 
electromagnetic radiation propagation, followed by describing the 
data processing techniques and then the evaluation of complex re-
fractive index of samples measured in reflection and transmission. 
CHAPTER 1. INTRODUCTION 6 
In Chapter 3 we explain the principles of THz generation and de-
tection methodology and illustrate the three systems we used for 
experiments along with the data validation. The system include a 
£latbed system j a hand-held probe system and a transmission system 
that we have set up in this work. 
In chapter 4 the background knowledge of osteoarthritis is provided. 
It ranges from the cartilage structure, OA symptoms to the current 
diagnosis tools. The sample and histology preparation work are also 
detailed. The core result of this work is illustrated in chapter 5. 
Applying the methods developed in Chapter 2, we analysis the mea-
surement of knee joint cartilage and correlate it with the histology. 
To further evaluate the cartilage THz response, in Chapter 6 we 
investigate and analysis the sliced cartilage sample measurements. 
In chapter 7, we demonstrate the test results of the transmission 
systems and study the transmission properties of sliced cartilage 
samples. 
o End of chapter. 
Chapter 2 
Theory 
In this chapter, we discuss the theoretical basis of our research , in-
cluding the Fourier transformation of the time-domain signal, using 
Maxwell's equations to describe the behavior at the interface be-
tween two media, the data processing techniques, the optical prop-
erties extraction methods from reflection and transmission setups 
and the Finite-difference Time-Domain method to simulate the re-
flections. 
2.1 Propagation of electromagnetic field through 
dielectric media 
Consider a transverse electromagnetic wave(TEM) propagating in 
the z direction where both the electric field E and magnetic field 
Hare orthogonal to the direction of propagation. The electric field 
has frequency component j, where j == ::- can then be expressed in 
terms of separate time and spatial dependencies as: 
E (z t) == E (w)ei(wt - kzz) 
w, z=o (2.1) 
Ez=o (w) is the initial amplitude of the electric field at particular 
frequency where kz denotes the z component of frequency dependent 
complex wavevector kc . It is related to the complex refractive index 
7 
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nc(w) by factoring ko, the magnitude of wavevector in free space: 
(2.2) 
It can also be defined by the common optical property coefficients, 
which are the real part of the refractive index n( w) and absorption 
coefficient a (w ) . 
w z 
kc(w) = ~n(w) - 2a(w) (2.3) 
Summing up the components over all frequencies, the actual electric 
field can be obtained by: 
E(x, t) = 1:~: Ew(x)eiwtdw (2.4) 
To get the required frequency spectra, the electric field is Fourier 
transformed, 
1 I t=oo Ex=o(w) == - Ex=o(t)e-iwtdt 
21f t=O 
(2.5) 
When a THz wave propagates into a media with a different re-
fractive index, both reflection and refraction occur at the interface. 
Figure 2.1 depicts a wave moving from medium 1 to medium 2, 
making an incident angle ei to the normal of the boundary, where 
er and et are the angles of reflection and refraction respectively and 
ei == er. We choose the direction of the interface in the x-y plane(the 
plane z==O) and the electric field polarizes along the y direction which 
means the wave is s-polarized. According to the boundary conditions 
derived from the Maxwell equations applying on interface between 
two dielectric media, the tangential components of E and H with 
the same frequency are continuous across the interface and yields 
the following equations: 
(2.6) 
(2.7) 
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Figure 2.1: Schematic diagram of a transverse electric(TE)/s-polarized wave 
moves from medium 1 to medium 2 with different refractive indices with an inci-
dent angle (}i to the normal of the interface between two media. 
In a simple(linear, isotropic and homogeneous) , nonconducting source-
free medium characterized by permittivity E and permeability /-L , we 
can write the Maxwell equation in the form of Eq.(2.8) and obtain 
the relationship between E and H (specifically are Ex and Hy) as 
Eq.(2.9) 
aH 
\7 x E == - /-L at 
k 1 




where k == w# and the wave impedance 'I] == ~. For non-
magnetic material, /-Ll == /-L2 == /-Lo, where /-Lo is the permeability of 
free space, /-Ll and /-L2 is the permeability of medium 1 and medium 
2 respectively. Then Eq. (2.7) becomes 
(2.10) 
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Substituting Eq.(2.6) into (2.10), the complex reflectivity R can be 
obtained as Er kl cos ()i - k2 cos ()t R- -- - ---------------
- Ei - kl cos ()i + k2 cos ()t 
(2.11 ) 
Rearrange Eq.(2.10) by dividing E i , we can find the complex trans-
mittance: 
Et 2kl cos ()i T- -- - ---------------
- Ei - kl cos ()i + k2 cos ()t 
(2.12) 
The equations define the complex reflectivity R and complex trans-
mittance T are known as Fresnel equations. The calculations of R 
and T depend on the wave polarization. Here we only illustrate the 
case of s-polarization which is the way our reflection system oper-
ates. It is worth to mention again that the notations Ei , Er, Et 
represent the frequency spectra of E-fields. 
2.2 Deconvolution 
To remove unwanted system artifacts and isolate the features of re-
flected THz pulses caused by the sample structure, signal processing 
techniques are applied to extract impulse response of the samples. 
In this thesis, we implemented experiments on three different sys-
terns , two of them are using the reflection systems. Since a window 
is used to hold the samples, the THz beam is first reflected by the 
lower surface of the window to form a pre-pulse before propagating 
to the sample. The material of the window was carefully chosen to 
minimize unnecessary THz absorption. In our case we use quartz 
window in our system. The pulses reflected from the sample carry 
the interesting information. We want to filter out pre-pulse from 
the collected data. Ideally, we expect a single reflection from the 
homogeneous quartz window. In practice, it has an enduring sig-
nal or 'ringing' after the pre-pulse which interferes with the sample 
reflections. This pre-pulse and the following 'ringing' are named as 
'baseline ' in this work. 
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There are two methods we used to remove this baseline from the 
sample reflections. The first method is to take a baseline measure-
ment with an identical window placed on top of the quartz window. 
Since the windows are identical, there should be no reflection off the 
interface between them. The second window is thick enough that 
the reflection caused by the top surface cannot be detected. This is 
the previous method we used to process the data collected from the 
flatbed imaging system. However, in practice it is very difficult t o 
obtain a perfect contact between the two windows. The intermedi-
ate air gap may lead to unwanted reflections. In addition, the probe 
we used later for measurement is embedded with a slightly curved 
quartz window. It is more difficult to achieve good contact on it. 
To tackle this problem, our group has developed another method 
to determine the baseline offset through water measurement. The 
new method is described in detail in Section 2.3. All the data col-
lected from the probe system is applied with this new method for 
baseline elimination. Here we outline the deconvolution process. 
Let's assume Esample(t) to be the measured pulse from a sample and 
Ebaseline ( t) to be the baseline measurement , then the actual reflected 
pulse carrying the sample features is: 
E(t) == Esample(t) - Ebaseline(t) (2.13) 
The shape of a THz pulse is quite complicated to be determined 
when the reflections take place within a sample. A reference mea-
surement is taken in order to extract the impulse function and re-
move the system variability. This reference measurement is generally 
taken with nothing on the quartz window, i.e. just a quartz/air in-
terface. The deconvolution process is therefore first t o subtract the 
baseline from the sample and reference waveforms to remove irrele-
vant reflections. Next, the sample waveform is divided by the refer-
ence waveform in frequency domain to remove the system response 
and leave only the impulse function of the sample. The required fre-
quency spectra are obtained by taking the Fourier transforms of the 
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time domain THz pulses. Eq.(2.14) summarizes this deconvolution 
process which extracts the impulse function of the sample. 
. . . F FT( Esample (t) - Ebaseline (t)) 
FFT(zmpulseJunctwn) = FFT(Jzlter) x FFT(E (t) - E . (t)) 
. re! erence base12ne 
. (2.14) 
Dividing the sample by the reference removes the dependence of 
the shape of the THz pulse but also increases the noise. Several 
methods could be used to suppress the noise, for example a low pass 
filter [36]. In this work a double Gaussian filter function is applied to 
remove both the low and high frequency noise components and also 
to produce a suitable time-domain response. The form of the filter 
in the time domain is expressed in Eq.(2.15). Where hand l are 
t he high and low pass filter settings which determined the bandpass 
of the filter. The bandpass is adjusted to match the bandwidth 
of the sample THz pulses so as to remove any out-of-band noise 
and anomalies arising from deconvolution. to determines the peak 
location of the filter in the time domain. In the frequency domain 
to dictates ho,v well the out-of-band noise is suppressed. For the 
best suppression of out-of-band noise, to is set at the center point on 
the time axis. The Gaussian filter function was selected carefully so 
t hat the sample features could still be resolved. If too many of the 
high frequency components were filtered out, we could not resolve 
the two reflections from the sample. 
1 (t _ t~)2 1 - (t - t)2 filter ~ -e- h - -e-~ 
h l (2.15) 
2.3 Baseline offset 
As mentioned in the last section, baseline representing both the 
back-surface reflection from the quartz window and the 'ringing' is 
need to be subtract ed from the sample measurement in order to re-
move irrelevant reflections. A simple method previously used to ob-
tain baseline is through measuring a thick quartz window. However, 
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bad contact between quartz windows can introduce errors. There-
fore a new approach to estimate the baseline offset through wat er 
measurement is proposed. This method utilizes the optical proper-
ties of water collected from THz transmission system at the room 
temperature to simulate the reflected THz pulse response. It is not 
necessary to only use water but any other standard materials with 
known, accurate optical properties at the corresponding THz region 
and which are able to make perfect contact with the quartz window 
could be used. By comparing the simulated water reflection with 
the measured water reflection, we are able to det ermine the 'ring-
ing' effect. This ringing can then be accounted for in t he baseline 
offset of unknown samples. 
To calculate the baseline offset, first we need to obtain an air 
measurement E::Ir (t) and a water measurement E;::ater (t). Since t he 
baseline reflection Ebaseline(t) due to the ringing overlaps the actual 
reflection due to the sample, the measured electric field in the time 
domain becomes the superposition of these two reflections: 
E:::r(t) == Eair(t) + Ebaseline (t) 
E;:ater(t) == Ewater (t) + Ebaseline (t) 
(2.16) 
(2 .17) 
where Eair ( t) and Ewater ( t) denote the actual reflections at the quartz/air 
interface and quartz/water interface respectively. 
The Ebaseline(t) term will be removed by deducting the Eq. (2.16) 
from (2.17). E::Ir(t) and E;::ater(t) are given. The equations can be 
solved easily if we are able to relate Ewater (t) to Eair (t). This can be 
achieved by utilizing the Fresnel equations and the st andard opt ical 
properties of water. 
With reference to Eq. (2.11), the complex refiectivit ies of the 
quartz/ air interface R~~rartz and quartz/water interface R~:~:~z are: 
quartz _ E air ( w) _ kquartz caSequartz - k aircaSe air (2.18 ) 
R air - Ei ( W ) - kquartz case quartz + k air ca s e air 
quartz _ E water ( w) _ kquartz COS e quartz - k water COS e water (2.19 ) 
Rwater - Ei ( W ) - kquartz cos e quartz + k water cos e water 
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where Ei (w) is the incident electric field in frequency domain cross-
ing the quartz window, the parameter w is added to emphasis this 
term representing the frequency spectrum. Ei (w) is equal to the 
term Ei used in the section 2.1. 
By dividing the two reflectivities to each other, the t errn Ei(W) is 
eliminated to give a ratio M in the frequency domain which relates 





E water( W) 
E air(W) 
kquartz cos B quartz - kwater cos Bwater 
kquartz cos () quartz + k water cos () water 
(2.20) 
kquartz cos Bquartz + k air cos Bair 
kquartz cos B quartz - k air cos () air 
(2.21 ) 
z.e . E water(W) == MEair(W) (2.22) 
where k air and kquartz are known. Due to their low and nearly 
zero absorption over the THz frequency, the complex wavevector 
of quartz can be reduced to kquartz == wnquartz / c by ignoring the ab-
sorption coefficient. nquartz equals to 2.12. It is the same for kair 
and the n air equals to 1. The refractive indice of the two media 
are almost constant at the THz region, whereas kwater is acquired 
through the standard spectroscopy data from transmission system. 
The angle of incidence at the quartz layer is Bquartz. The angles of 
refraction in air and water are Bair and thetawater respectively. Value 
of the Bair is known and govern by the system design.t can be sub-
stituted into the Snell 's law for calculating the values of Bwater and 
() quartz: 
nair sin () air == nquartz sin () quartz == nwater sin () water (2.23) 
Afterhe values of parameters in (2.21) are solved, the ratio M in 
frequency domain is obtained. With the above relationship between 
actual water reflection and actual air reflection, together with the 
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Eq. (2.1 7) and Eq. (2.16), we can calculate the baseline offset by: 
Ebaseline ( w) == E;:)'ater ( w) - Ewater ( w ) 
== E:::ater(w) - MEair(W) 
== E;:)'ater ( w) - M [E;::r ( w) - Ebaseline ( W ) ] 
z.e. E () - E;;:ater ( w) - M E:ir ( w ) baseline W - 1 _ M (2 .24) 
Hence the inverse Fourier transform of E;;:ater( w) gives the baseline 
offset in time-domain. 
E . (t) - FFT- 1 { E;;:ater ( w) - M E:ir ( w) } basel1,ne - 1 - M (2.25) 
2.4 Frequency-dependent Refractive Index and 
Absorption Coefficient 
In this research, frequency-dependent refractive index n and ab-
sorption coefficient a are crucial elements needed to be found out. 
They are the optical properties which determine the characteristics 
of sample tissues. By comparing the difference in optical properties, 
we can differentiate the layers within a tissue so as to recognize the 
internal structure of the tissue. 
2.4.1 Reflection Geometry 
For the reflection geometry, the optical properties can be deterrnined 
from the reflection coefficients ratio M as stated in Eq.(2.21) , assum-
ing the THz beam propagating is s-polarized. The term Ewater is re-
placed by Esample to indicate the resulted E-field spectrum reflected 
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off the rneasured sample. 
Rquartz 
M == sample 
Rq~artz 
a'/,r 
Esample ( W) 
E air ( W) 
16 
(2.26) 
kquartzCOse quartz - ksampleCOSe sample 
kquartz cos () quartz + ksample cos () sample 
kquartz cos e quartz + kair cos e air 
kquartz COS () quartz - k air COS () air 
(2.27) 
Rearrange the equation to get the complex wavevector of sample 
ksample with cosine term on its own. 
kquartz cos e quartz (1 - M) + k air cos e air (1 + 
ksample cos () sample == kquartz cos e quartz k e (1 M) k · e . (1 _ 
quartz cos quartz + + a2r cos a2r 
(2.28) 
To simplify the equation, we used a complex variable X to represent 
the R.H.S. of Eq.(2.28). The wavevector ksample in the L.H.S is 
derived in terms of refractive index n and absorption coefficient Cl: 
as illustrated in Eq. (2.3). 
W 'l 
(-n - -0:) cos e sample == X 
c 2 (2.29) 
Comparing the real part and imaginary part side by side, we can 
obtain: 
The real part: 
The imaginary part: 
From Snell 's law, 
c 
ncoSesample == -~{X} 
W 
2 0: == - ~{X} 
cos esample 
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where (}air is the incident angle in air which depends on the system 
optics, for different system the angle is different. 
Summing up the squares of Eqs.(2.30) and (2.32), the refractive 
index is determined: 
(2.33) 
By substituting back into Eq.(2.30), now we are able to solve the 
cosine term as follows: 
~{X} 
cos () sample == ---;========= V(~Sineair)2 + 3t{X}2 (2.34) 
The frequency-dependent refractive index and absorption coefficient 
are therefore solved in term of X and cos (}sampl e : 
c 
n(w) == ~ {X} 
w cos () sample (2.35) 
2 
a(w) == - e ~{X} 
cos sample 
(2.36) 
2.4.2 Thansmission Geometry 
As shown in the section 2.1, when an electromagnetic wave prop-
agates through an interface between two media, part of the wave 
reflects back to the first medium, meanwhile the remaining refracts 
and continues along the second medium. The Fresnel equation 2.12 
we discussed before derives the transmitted wave right after the in-
terface by multiplying a transmission coefficient T to the incident 
wave. While this wave further travels along the second medium with 
a distance d, it losses energy by interacting with the medium and 
is generally expressed as an exponential decay. Hence, if we have a 
incident beam Eo entered an interface with normal incident angle, 
the transmitted wave Et passing a distance d after the boundary is 
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Figure 2.2: (a)Sample with thickness d and an air reference(b) Sample placed 
inside a liquid cell while the reference is taken with the cell without gap in the 
middle. c. )Similar to the b.) with the reference taken by air inside the cell. 
d. )Sample measurements with different thicknesses. 





A reference measurement is required to extract the optical properties 
from the transmitted wave. In this work, the samples and references 
were measured under different configurations and can pair up to 
form four combinations which are described as follows. 
Combination 1: For solid sample, we-put the sample at the focus 
point of the path and have the THZ beam directly penetrate it. It 
reference is then taken with the sample took out from the path, so 
it is an air measurement. It is illustrated in the figure 2.2(a). If the 
sample thickness is d, the measured transmitted fields of sample and 
reference can express in the following two forms. 
Es(w) == Eo(w)TasTsae-jksd 




where the subscripts s and air denote the transmitted fields of sarnple 
and air reference respectively. Dividing Es(w) by the Eair(W), we 
remove the incident field Eo (w). 
Es(w) _ T T e-jd(ks-kair) 
Eair(W) - as sa 
4kskair -~(aS-aai 'r) -jd'f ( . ) 
(k k .)2 e e ns - na~r s + a~r 
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It is good practice to assume the sample refractive index is much 
h . b . h 4k k · . th .c larger than t at Its a sorptIon, t e term (ks-tk:::? IS erelore re-
garded as a real index. Comparing the coefficients of real part and 
imaginary part, the frequency-dependent refractive index and ab-
sorption coefficient of the sample are determined. 
_ c ~ Es(W) 
ns(w) - 1 - -d"S(ln E ()) W ref W (2.46) 
as = 2 [In 4kskair _ R(ln Es(w) )] 
d (ks + kair )2 Eref(w) (2.47) 
Combination 2: For the liquid sample or some thin and fragile 
tissue, we have it measured inside a liquid cell and therefore the THz 
beam passes through two more windows before and after the sample 
as illustrated in the figure 2.2(b). The reference for this case can be 
taken by having the windows close together without gap. 
E () E ( )Tf"1 T T T -jksd -jkw 2dw s W ~ 0 W .1. aw ws sw wae e (2.48) 
(2.49) 
where subscript w denotes the parameter of window, so the dw rep-
resents the thickness of one window. 
Es( w) = 1', T e-jd(ks-kair) 
Eair(W) ws sw (2.50) 
4kskair _1: cxs -jd':l. ( k k . ) 2 e 2 e c (n s - nair) 
s + a2r 
(2.51) 
Using the same method as detailed in combination 1, we get the 
same sample refractive index as listed in 2.47 for combination 2. But 
th sample absorption coefficient is changed. 
(2.52) 
As shown in the above equation, the optical properties are inde-
pendent of the windows thickness. 
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Combination 3: For the liquid cell measurement, we can take the 
reference by having an air gap with equal thickness as the sample 
between two windows, as shown in the figure 2.2( c). In this case, 
the sample measurement is identical to the equation 2.48 and the 
reference field is expressed as, 
The ratio between two fields are: 
Es(w) TwsTsw ~J·d(k -k " ) 





Again, the sample refractive index is identical to the equation 2.47 
and the sample absorption coefficient is changed. 
(2.56) 
Theoretically, the reference in combination 2 with the windows 
closed together gives a more accurate result, as fewer reflections are 
involved. 
Combination 4: As shown in the figure 2.2( d), the reference is 
taken by measuring the sample with different thickness. Let d1 , d2 
be the sample thicknesses. We have, 
E () E ( )rf"1 T T T -jksd1 -jkw 2dw E ( ) s W == 0 W .1 aw ws sw wae e re! W == Eo(w)TawTwsTsw1:" (J ( j l 
(2.57) 
The ratio is therefore independent of the transmittance. 
Es(w) == e-jks(dl-d2) 
Eair(W) (2.58) 
(2.59) 
For this case, no assumption is needed to make between the absorp-
tion coefficient and the refractive index. Hence, this combination 
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gives the most accurate result comparing to the other two using 
liquid cells if the sample thickness is tunable. 
(2.60) 
(2.61 ) 
Refer to the combination 1, if it is given that the sample refrac-
tive index n is frequency-independence, we can find its value by 
employing the equation 2.63. 
c~t == ~nd 
c~t 
n== no+ d 
(2.62) 
(2.63) 
where ~t is the optical delay between the sample measure and 
the reference measurement, d is the sample thickness and no is 
the frequency-independent refractive index of the reference mate-
rial. Since it is common to use air as the reference measurement, so 
the above equation is generally simplify as: 
c~t 
n==l+-d (2.64) 
2.5 Conversion of Optical Delay into Depth 
Considering a THz beam incidented to the measuring window with 
an angle e in the figure 2.3, the beam path traveled by P2 (reflec-
tion from the bottom of the sample) is longer than the beam path 
(reflection from the top of the sample)will PI and leads to a time 
delay ~t between the reflected waveform. 
~d == 2d - a 
cose 
a == b sin e; b == 2d tan e 
(2.65) 
(2.66) 
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Figure 2.3: Schematic diagram of a THz beam propagating with incident angle e. 
where d is the sample thickness, 6.d is the path difference. By 
substituting Snell's law into 2.66, we can find the sample thickness 
with known refractive index and time delay with 2.69 
c6.t == n6.d 
d == c6.t 




2.6 Finite Difference Time Domain Method 
FDTD is a computational electrodynamics modeling technique [59] 
which simulate the E-field and H-field propagation through a dielec-
tric medium by determined its change after each time-stepping along 
with its position. Using the two Maxwell's equations given in 2.71 , 
the change of fields can be derived as 2.77. 
aH 
\7 x E == -11 at (2.70) 
aD 
\7xH==(J'Ex + at (2.71) 
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where a- is the specific conductivity and D is the electric displace-
ment depending on polarization P: 
P == XE (2.72) 
(2.73) 
and 
D == (Er + X)EoE (2.74) 
(2.75) 
where X is the electric susceptibility,Eo is the absolute permittivity 
and Er is the relative permittivity. 
The change of fields: 
1 8H . 
L:lE == -(-- - a-E - P)L:lt (2.76) 
EOEr 8x 
b.H = - b.t8E (2.77) 
J-L 8x 
Consider the polarization in solid, in this work, we use the sim-
ple harmonic equation to model the molecular interaction between 
atoms. The polarization is therefore expressed in terms of dampling 
term r, resonant frequency Wo and the driving force XIE. 
(2.78) 
(2.79) 
For a material which is frequency-independence and does not absorb 
THz field, the above equation can be simplifed to: 
.. 2 
P == -woP (2.80) 
and it can be dervied to determine the polarization P. 
1 . 
P + L:lP == P cos woL:lt + -P sin woL:lt 
Wo 
. . . 
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2.7 Summary 
This chapter has summarized the mathematical techniques employed 
in the study. We have explained how we process the reflection 
and transmission data by removing the irrelevant system responses. 
These processing steps are applied to the result that are investigated 
in Chapter 5,6 and 7. We have demonstrated how we extract the fre-
quency dependent refractive index and absorption coefficient from 
both systems with different taken methods mentioned in Chapter 
3. Also, it has derived the Finite-Difference Time-Domain method 
to simulate the multi-reflections of samples with different refractive 
index layers. 
o End of chapter. 
Chapter 3 
Terahertz Systems 
3.1 Terahertz Pulsed Generation 
Recently the terahertz range is being extensively exploited, but this 
was not the case a decade ago , as the THz sources at that time were 
still bulky, expensive and inefficient. The advancement of ultrafast 
technology helped several ways to generate and detect coherent THz 
rays. The current THz emitters includes free electron laser which 
can provide high THz power up to 20W in average [55]; electronic 
emit ters such as Gunn diode , Bloch oscillator, cold plasma; Semi-
conductor THz laser [30]; and the dominating method is utilizing 
photoconductive dipole antenna or electro-optic crystal by focusing 
mode-locked femtosecond pulsed laser on it. In this work, both sys-
tems we used for experiments employ the photoconductive antennas 
to generate and detect the terahertz radiation and the mechanism 
of t hese techniques is discussed in this chapter. 
The generation of THz pulse with photoconductive antenna make 
use of t he physics of optical excitation. A laser pulse with photon 
energy E == nw greater than the energy bandgap of the material 
being excited is required to generate the electron hole pairs. The 
conventional photoconductive antenna is generally made of gallium 
arsenide (GaAs) or low temperature grown GaAs (LT-GaAs). The 
energy bandgap of GaAs is about 1.42e V. To fulfill the excitation 
requirement , the wavelength of the laser pulse must be shorter than 
26 
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Figure 3.1: a.)Diagram of a bow tie photoconductive antenna with gold electrodes 
attached on a GaAs substrate. b. )Schematic diagram of THz emission due to the 
excitation of electrons with a GaAs substrate. This figure is reproduced from 
figure in [45]. 
873nm (liw > 1.42eV). Hence, a 800nm laser pulse is employed in 
our experiment to excite a GaAs photoconductive antenna for THz 
radiation generation. Electron hole pairs are created and acceler-
ated towards the electrodes in opposite directions with the presence 
of the bias electric field. The emitted terahertz field is therefore con-
tributed and dominated by the ultra-fast change of carriers density 
at the instant the laser pulse arrived. Meanwhile, the rapid accel-
eration of the carriers also accounts for the generated THz field . 
Equation 3.1 [44] depicts the relationship between as follows. 
dj d dn dv 
ET H z ex dt == dt ( nev) == dt ev ( t) + n ( t ) e dt ( 3.1 ) 
where j is the current density, n is the carrier number density and 
v is the carrier drift velocity. The carrier number density depends 
on the power of incident laser radiation. The carrier drift velocity v 
depends on the applied electric field. This means that besides the 
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response characteristics of the antenna, the strength of the THz field 
is determined by the laser power and the applied field voltage. 
Figure 3.1 illustrates the schematic diagram of THz emission due 
to excitation of electron hole pairs within a GaAs substrate. Gold 
electrodes in bow-tie structure are attached on the substrate for ap-
plying the bias voltage. The bow-tie structure is used as it has a 
broadband response. Ti:sapphire laser is the most common candi-
date to provide femosecond pulses with 800nm wavelength. In our 
reflection setup, the ultra-fast laser emits pulses with pulse width 
about 100fs and 1f1B separation between pulses, that means a rep-
etition rate in the order of MHz. The change of refractive index is 
large when the THz beam propagates from the GaAs substrate to 
the air. Thus a hemispherical silicon lens with relatively close re-
fractive index as the substrate is mounted right after the antenna to 
couple the all-directional beam out to the air in parallel. Similarly, 
another silicon lens is attached to the detector to couple the THz 
beam into the antenna. 
3.2 Terahertz Pulsed Detection 
The THz detection we employed is attained by another identical pho-
toconductive dipole antenna in the reverse mechanism of THz gen-
eration. A femosecond pulse, which is derived from the laser beam 
used for THz generation at the same time, hits on the photocon-
ductive antenna and excites the electron hole pairs on the substrate. 
When a THz pulse arrives the antenna simultaneously, it accelerates 
the carriers towards the antenna electrodes and produces a transient 
current in the detector circuit. The bias voltage is therefore gener-
ated by the detected electric field rather than applying field on the 
electrodes. The transient is too rapid for the electronic circuit to 
response , so the femosecond pulse is used here to 'gate' or sample 
the detected THz pulses. Employing a delay stage on the probing 
path, the ultra-fast pulse probes different parts of the THz field by 
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tuning the path length, thus changing the arrival time on the THz 
field. 
3.3 Terahertz Pulsed Imaging (TPI) System 
Three terahertz systems were employed in the course of this work. 
Both of them utilize the photoconductive antennas for THz genera-
tion and detection. Of which two are in reflection geometry which 
are commerical models from Teraview Ltd. As shown in figure 3.2 , 
the left one is a portable imaging system where biological samples 
can be placed on top of the measuring window for x-y scan, whereas 
the right one is a probe system which is able to use intra-operat ively 
during surgery. The last one is in transimission geometry which is 
constructed by me through collaboration with the Terahertz group 
from the University of Adelaide and the University of Leeds where 
the antennas come from. The system layouts of them are described 
in this section. 
3.4 Reflection System 
3.4.1 Flatbed System 
The first system used for this study is a TPI™ Imaga 1000 (Ter-
a View Ltd., Cambridge, UK), which employs the photoconductive 
antennas for both generation and detection in reflection geometry. 
It's layout is illustrated in Figure 3.3. A near infrared ferntosecond 
pulsed laser is used. The laser beam is separated into t he pump 
and probe beams by a beam splitter. The pump beam is directed to 
excite the carriers in the photoconductive emitter in order t o gen-
erate THz beam. The THz beam is then focused onto the off- axis 
parabolic (OAP) mirrors by a silicon lens . Then the beam enters on 
the quartz window with 30° angle of incidence in air . The reflected 
THz beam carrying the sample THz information is then collected by 
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(a) (b) 
Figure 3.2: Pictures of the THz reflection systems (a)The TPI™ Imaga 1000. 
(b )The hand-held probe. 
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Figure 3.3: Schematic diagram of a terahertz pulsed imaging system with pho-
toconductive detection and emission in reflection geometry. Thanks Dr. Huang 
Sheng-yang for providing the figure. 
another set of OAP mirrors and focused on a photoconductive re-
ceiver by a silicon lens again. By sweeping the optical delay through 
the entire terahertz pulse, the time-domain terahertz waveforms can 
be obtained. The entire terahertz optics is mounted on motorized 
stage which can be raster scanned in the x-y plane to form an im-
age with attainable resolutions at 1 THz of 350 f.jm laterally and 
typically 40f.jm axially. The system power spectrum was obtained 
by measuring a gold mirror: the result is shown in figure 3.4. The 
greatest dynamic range is between 0.2 THz to 1 THz. Since t era-
hertz is easily absorbed by water, the water vapor in air decreases the 
pulse strength and causes fingerprint defects on the THz spectrum. 
Hence, during experiments, dry compressed nitrogen gas is plugged 
into a chamber which covers the THz beam inside the system contin-
uously, keeping the moisture content in that chamber lower than 5%. 
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A hand-held Terahertz probe (Tera View Ltd., Cambridge, UK) was 
designed for intra-operatively during surgery. In contrast to the 
imaging system used previously, which employs free space optics, 
t he prob syst em utilizes optical fibers to guide the laser beam to 
t he terahertz devices. Short 90 fs pulses (centered at 800 nm) from 
a Ti:Sapphire laser are guided along an -optical fiber shielded with 
an electrical cable to the probe head where a photoconductive emit-
ter and receiver are embedded for generating and detecting THz 
pulses . The internal arrangement of optical devices and mechanics 
is demonstrated in figure 3. 5. 
The THz pulse beam is fo cused to a quartz window, where a 3.48° 
angle of incidence is made when the beam passing through from a 
silicon lens to t he quartz window. The THz beam is scanned up and 
down across the center line of the window to form a line scanning. 
The scanning motion is achieved by controlling a Risley prism beam 









Figure 3.5: Schematic diagram of the probe head internal setup. Figure from 
Teraview™ 
steering system, which includes a pair of Risley prisms and a set of 
motors and bearing as seen from the figure 3.6. 
Consider the case of only one wedge prism, when the prism rotates 
3600 , the steering beam travels in a circle along the optical axis . If 
we have two wedge prisms aligned and rotated together , the output 
beam is the superposition of the circles resulted from two prisms ro-
tating independently. Figure 3.8 illustrates the working principle of 
the Risley prisms. Hence, by matching wedge prisms with different 
wedge angles and controlling the rotating speed of the two prisms, 
the steering beam would result in different scanning patterns. For 
the case of our probe, a line scanning pattern is achieved by rotat-
ing the two prisms with the same wedge angles in opposite direction, 
given the initial orientations are identical for two prisms. The scan 
speed of the system is up to 8 lines per second. The scan length is 
7mm and each line contains at most 25 pulses, so it means at most 
200 pulses per second. The signal to noise ratio on the receiver of 
the system is 800:1 (1000:1 at 1 THz). The bandwidth achieved by 
this system is 0.1-2THz. The power spectrum of the probe system 
is obtained by measuring a thin layer of gold is shown in figure 3.7. 
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Figure 3.6: Schematic diagram of the Risley prism beam steering system embed-
ding in the probe. Figure is quoted from [53]. 
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Figure 3.7: The system power spectrum of the pro be system by measuring a thin 
layer of gold. 
Figure 3.8: Diagrams illustrates the working principle of Risley prisms. Figure is 
quoted from [53]. 
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Data Structure 
The data collected from the probe are stored in the HDF5 format. 
Table 3.1 demonstrates how the data are arranged. The THz beam 
position on the center line during scanning is recorded and repre-
sented by the prism rotating angles, it is the term 'Pulse~ngle' 
listed in the table. Particular pulse is characterized by the combi-
nation of parameters: Line_Number, Pulse_Number, Line_Direction, 
Pulse_Direction and Pulse~ngle. The THz beam scans up and down 
at the center line of the probe, the line number is saved in the col-
umn 'Line_Number', where the up and down directions are indicated 
by the '0' and' l' in the column 'Line_Direction'. It records about 
26 point-measurements along a line scan. The pulse number is listed 
on the column 'Pulse_Number' counted from 0 to 25. and the pulse 
direction changes one after one as indicated by the '0' and '1' in the 
column 'Pulse_Direction'. The pulse number recounts again from 
zero for another line. The pulse waveform data of each point mea-
surement is shown on the last column named 'Pulse_Data'. There 
is a tiny change of the amplitude and phase between the pulses at 
different locations. So for the data averaging, we group the pulse 
waveform data into bins according to their pulse angles. For exam-
ple, all the waveforms with pulse angles ranged between 350° ± 5° 
are classified in a bin. Then we average the data within a bin to 
obtain the averaged result for the particular beam position. The 
data processing procedure of the probe system is detailed in section 
3.6.2. 
3.5 Transmission System 
Measuring samples in the transmission geometry allows the extrac-
tion of optical properties of the internal structures, But it requires 
the sample to be thin enough for the beam to pass through and does 
not absorb throughout by the sample. A THz pulsed transmission 
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Table 3.1: The data structure of the probe 
Line~umber Pulse~umber LineJ)irection Pulse_Direction Pulse-.Angle Pulse_Data 
0 0 0 1 353.741 211.29051 , 206.63481, 209.9935(; . 
0 1 0 0 0.646852 210 .16432 , 210 .00269, 210 .74341 
0 2 0 1 7.552707 205.9229 , 205.48044 , 206 .65982 . . 
0 24 0 1 159.4815 211.93628 , 209. 79184, 2 1 4.373 2:~ . 
0 25 0 0 166.3874 216.02472 , 214 .1829, 213.3156 . 
1 0 1 1 173.1407 205.81067, 208.15778, 205.5837(; .. 
1 1 1 0 180.0404 206.56584 , 206 .97128, 208. 144U . 
1 25 1 1 352.5346 208.63518 , 209. 48773, 207 .51747 . 
2 0 o ' 0 359.434 206.94267 , 209.67929 , 207 .6223<) . 
2 1 0 1 6.313433 209 .32637, 208.56935 , 207 .7969 1 .. 
system is constructed in our laboratory to study biological samples 
optical properties and spectrum characteristic over the THz regime. 
The picture of the transmission system is shown in figure 3.9 and 
the corresponding optical diagram is demonstrated in figure 3.10. 
This system utilizes a pair of photoconductive antennas to generate 
and detect broadband THz pulses. Ultrafast 100fs pulse laser with 
center wavelength at 800nm is used to excite the antenna for THz 
emission. The average power of the pulse laser ranges from 350 to 
450m W. In the optical diagram, the red line indicates the optical 
path of the 800nm laser beam and the blue line indicates the path 
of the THz beam being generated. The laser beam is divided into 
the pump and probe beams by a beam splitter with the ratio 1:2. 
The pump beam is responsible for the THz emission and the probe 
beam is responsible for the THz detection, where the path lengths 
travel by the two beams are identical to make the detection possible. 
At the pump path, a tunable filter is applied to adjust the input 
power into the THz emitter. Generally the input power is around 
80m W. The laser beam is then focused to the antenna by an optical 
lens. Appling a bias voltage on the emitter, the electron-pairs ex-
cited by the pulse laser accelerate towards electrodes at the opposite 
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Figure 3.9: Photograph of the THz pulse transmission system. 
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Figure 3.10: The optic diagram of the THz pulse transmission system. 
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ends, and thus emit THz pulses. Two silicons lens and four parabolic 
mirrors with gold coating are used to focus the THz beam on the 
measuring sample and on the detector. The transient current of the 
THz pulse is collected by the detector and amplified by a lock-in am-
plifier. Thus, a chopper is placed right after the emitter (attached 
with a silicon lens) to modulate the THz beam with a 373Hz car-
rier sine wave and the modulated THz signals is then fed back to 
the lock-in amplifier for decoding the signals. Finally, a computer-
controllable delay stage is employed on the probe path for scanning 
of the entire THz pulse. Since water strongly absorbed THz radia-
tion, the setup is covered by a plastic box filled with compressed air 
to decrease the water moisture content during the experiment. The 
lowest humidity achieved is around 10%. 
3.5.1 Antenna 
Bow-tie structure antennas are used as the THz emitter and de-
tector in the transmission system, as shown in figure 3.1. Some 
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of our antennas were provided from Dr. John Cunningham of the 
University of Leeds. These antennas are made of low-temperature 
GaAs(LT-GaAs) substrates with gold electrodes in bow-tie struc-
ture. Some antennas are fabricated by the Photonics Group led by 
Prof. K.T. Chan of our department. The antennas are made of 
helium-doped GaAs substrates with gold electrodes in bow-tie pat-
terns. The gap between electrodes of the emitter is 200j1m and that 
of the detector is 10j1m. It is because that a larger electrode gap the 
antennas permits a larger bias voltage and therefore emits higher in-
tensity THz pulses, whereas a smaller gap antenna provides higher 
sensitivity. [56] The photocurrent of the 200j1m emitter is about 
0.5mA while we applied a 100V bias voltage and a 80m W laser in-
put. The THz pulse of the system taken in air with compressed gas 
filled is illustrated in Figure 3.11(a), with the subgraph showing the 
noise level. In this case, the peak of the pulse is about 33nA and 
the average noise level is about 3nA. The corresponding power spec-
trum plotted in logarithmic scale is shown in figure 3.11 (b), with 
the linear scale plot shown in the subgraph. It can be seen that the 
bandwidth of the system is about 0.2-4.5 THz. 
3.6 Data Acquisition 
We have detailed how we removed the system artifacts and isolated 
the sample features by applying data deconvolution in section 2.2. 
The flatbed system and the probe system have different internal 
layouts as well as utilize different data formats and storing meth-
ods. Therefore extra processing steps are required for comparing the 
outputs of two systems specifically besides the deconvolution step. 
3.6.1 Flatbed System 
Two baseline calculation methods are illustrated in section 2.2. For 
processing the data from the flat bed system, we use the traditional 
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Figure 3.11: (a)The THz pulse of the transmission system with subgraph showing 
the noise level. (b )The power spectrum of the transmission system in logarith-
mic scale with subgraph plotting in linear scale. These figure are provided by 
Mr. Zhang Zhong-xiang. 
and simple one which is by measuring an identical quartz slice placed 
on top of the quartz window. So we took an air measurement with 
nothing place on top of the quartz window and another baseline 
measurement through scanning the identical quartz every time be-
fore and after our sample measurements. Besides, we performed 
raster-scanning instead of single point scanning for both of these two 
measurement and they were scanned at the size with same dimen-
sions as the sample measurement. So we can have the point-to-point 
matching between the sample image and these two reference images 
for data processing. We do not utilize single point measurement for 
air reference and baseline, because there is a tiny variation among 
the THz pulses of different x-y coordinate which is limited by the 
system design. For a 5mm x 5mm large image,it takes about 3 min-
utes to acquire. The sample therefore need to be hold still on top 
of the quartz window for 3 minutes. The acquired sample data is 
then deconvolved according to the equation 2.14 for extracting the 
impulse function. In figure 3.12 we demonstrate the raw waveforms 
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Figure 3.12: The air measurement and baseline measurement obtained from 
quartz using the imaging system. 
of air measurement and the baseline offset. 
3.6.2 Probe 
Besides the sample measurement, a air reference and water mea-
surement were taken for data deconvolution. Due to the slightly 
curved surface of the probe window, we cannot have the quartz slice 
fully contact to obtain the baseline measurement. To get rid of this 
contact problem, we use the method which was explained in section 
2.3 to estimate the baseline offset utilizing the water measurement. 
We have a typical raw waveform of water-measurement and the cor-
responding baseline offset calculated from it demonstrated in figure 
3.13. It is worth noticing that a tiny phase shift between the water 
measurement and air measurement can greatly change the resulting 
baseline offset. This in turn means the baseline offset is very sensi-
tive to the alignment of pulses. The dashed line is the new baseline 
from another pulse which indicates its variation. 
The Thz beam moves up and down around the center line of 
the probe for line-scanning. Each line contains 23 pulses across 
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time / ps 
Figure 3.13: The waveform of water measurement and the new baseline calculated 
from it . The dashed line is the new baseline extracted from anot her pulse. 
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Figure 3.14: The sequential pulses obtained from one of the line scans of the 
sample measurement. Each point measurement includes two waveforms as indi-
cating by the arrows. The dashed circle in red shows the sample pulse under good 
contact . 
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15mm scan length. The speed of the scanning is 100-200 pulses per 
second. It generally takes a few seconds for each scan. So the time 
required to hold the sample still is much shorter than the flatbed 
system. We have the probe held still on a clamp to prevent the 
movement of fiber and then have the sample press against on the 
quartz window of the probe head. To determine whether the sample 
is placed at the center, we look at the live data that shown a series of 
pulses obtain from a real time line-scanning. Measurements which 
have the beam focused at the center point of the probe window. 
We moved the sample slighly about the center point of the window 
until there are some pulses show smaller amplitude among the line 
pulses indicating some points are under good contact and we will 
then hold the sample there for scanning. The line pulses in figure 
3.14 was taken while the sample touched the center point, so the 
pulses in the middle part with smaller amplitudes as indicating by 
the dashed circle. Two reflections can be found from each point in 
where the first reflection (or pre-pulse) is due to the reflection off 
the bottom surface of the quartz window and the second one is due 
to the sample. We chose the pulse with smallest amplitude as the 
representing THz response of the sample. Then we have 4 processing 
steps before the devolution. 
First , we use the pre-pulse to normalize the waveforms. We use 
the height of the pre-pulse of the air measurement as a reference, the 
sample waveform is then multiplied a rat~o factor (i.e. Height of the 
air pre-pulse /Height of the sample pre-pulse) to achieve the same 
height magnitude as the air pre-pulse. The pre-pulse is also used 
to align the the tiny phase shift between waveforms caused by the 
fiber motion through least-square method. Second, we calculated 
the baseline offset from the aligned air reference and water wave-
form. Third, we cut the pre-pulse of all the waveforms. Fourth, we 
remove the ripple at the ground of waveform by setting the ground 
to fix values. The resulting waveforms were then able to use for the 
deconvolution or refractive index extraction. In figure 3.15, we used 
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Figure 3 .15: The flow chart of the data processing procedures 
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Figure 3.16: The propanol refractive index and absorption coeffieient calculated 
from t he probe propanol measurement are deconvolved with new baseline offset 
and old baseline offset individually and compares with the standard result from a 
t ransmission system. 
a flow chart t o demonstrate the steps we go through during data 
processing and aiding with the corresponding resulting waveforms 
before and after each steps. 
3.7 Baseline Validation 
In order to check the validility of the baseline offset method we 
developed, we calculated the frequency-ejependent refractive index 
and absorption spectrum from a propanol measurement according 
to our calculation method detailed in the last section and have it 
compared with the golden-standard result obtained from terahertz 
pulsed transmission spectroscopy(TPS) and compared with the old 
method which obtained the baseline by quartz measurement (it is 
detailed in sections 2. 2 and 2.3. In figure 3.16, the black lines rep-
resent data with new baseline subtraction and the blue dashed lines 
represents the data with old baseline subtraction. We can seen the 
result with baseline offset using the new baseline method is bet-
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ter than using the old baseline method on the propanol absorption 
spectrum. It indicates that the new baseline calculation method de-
veloped by our group is efficient to extract the baseline offset from 
the measurement under reflection geometry. 
In some cases we use the deconvolved data instead of raw data to 
calculate the refractive index and absorption coefficient . Theoreti-
cally, the optical properties extracted from the raw data is identical 
to the result from the deconvolved data. So part of the results pre-
sented in Chapter 5, we use the deconvolved data to calculate the 
frequency-dependent refractive index. 




Out of over 100 types of arthritis, osteoarthritis (OA) is one of the 
most prevalent types. The hallmark of this disease is the breakdown 
of cartilage. It usually affects the hands , feet and weight-bearing 
joints, such as knees, hips and spine. In the worst cases, the cartilage 
cushion may completely wear away such that the bones rub against 
each other causing inflammation, swelling and pain in the joint. 
Hyaline cartilage forms the smooth articular surface of joints by 
covering the subchondral bones. It can be further divided into three 
zones according to its local organization. During the growth of the 
bone tissue, mineralization progressively takes place at the junction 
of hyaline cartilage and subchondral bone resulting in a layer of 
calcified cartilage with a tidemark separation. The histology of a 
femoral condyle with OA symptoms is given in Figure 1 to illustrate 
the general cartilage structure and OA features. The cartilage is 
thinner and deteriorates at the part with OA. We refer to Poole's 
study for further details on composition and structure of articular 
cartilage [47]. 
In the United Kingdom, more than 6 million people have painful 
OA in one or both knees. Prevalence increases with age: 1 in 5 
adults aged 50-59 and almost 1 in every 2 adults aged over 80 have 
painful OA in one or both knees [42]. According to the bulletin of 
48 
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the World Health Organisation 2003, it is estimated that globally 
9.6% of men and 18% of women aged over 60 have symptomatic 
osteoarthritis [65]. Therefore, it is a contemporary major medical 
challenge with high socioeconomic impact, as early diagnosis of OA 
can help to prevent deterioration and make the treatment feasible 
before irreversible damage is done. 
4.2 Cartilage Composition and Structure 
Cartilage is classified in three types: hyaline cartilage, elastic carti-
lage, and fibrocartilage. In this thesis, we are interested in hyaline 
cartilage which covers the top of subchondral bone to provide a 
cushioning effect in joints. It is resilient that being able to absorb 
and distribute loads applied on the joints. It's low-friction gliding 
surface is beneficial to the joint movement. 
Composition of articular cartilage 
Cartilage is mainly composed of water, collagen, proteoglycan and 
chondrocyte. Chondrocyte is the cell in cartilage, whilst collagen 
and proteoglycan are synthesized by chondrocytes to form the ex-
tracellular matrix around these cells. 65-80% of the wet weight of 
the cartilage is water, 10-20% is collagen, another 10-20% is pro-
teoglycan and less than 1-5% of volume is chondrocyte[7]. Water 
allows the temporary deformation of cartilage against loading. The 
fibrillar structure of the collagen provides tensil strength to the car-
tilage. The proteoglycan provides compressive strength. For the os-
teoarthritis cartilage, the water content increases to 90% which leads 
to the disruption of the matrix and hence the cartilage becomes less 
elastic. Terahertz wave is very sensitive to water content. So it 
is worth to investigate if terahertz pulse imaging is able to detect 
the water content change among normal cartilage and osteoarthritis 
cartilage. 
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Figure 4.1: The schematic diagram of the knee joint cartilage structure. Quoted 
from the reference [47] 
Cartilage structure 
According to the cell density and the composition of the matrix, the 
cartilage is divded into four zones. From top to bottom, 1. Super-
ficial zone 2. Middle zone 3. Deep zone and 4. calcified cartilage 
zone The top three layers together is known as the hyaline cartilage. 
There is a visible border named "tidemark" separates it from the 
calcified layer. The superficial zone is a very thin layer, composed of 
fiatted chondrocytes aligned in parallel. !his zone has the highest 
water content and the highest cell density. The cells are randomly 
diverse in the middle and deep zoom. Both the water content and 
cell density decrease along the depth inside the hyaline cartilage. So 
the cell density is lowest in the deep zone. Figure 4.1 depicts the 
structure of the hyaline cartilage described above. 
When we zoom in to see the cartilage at the fiber level, we can 
find that collagen fibrils are specially arranged in the shape of arcs, 
as described by the classic arcade model of Benninghoff [5] in figure 
4.2. Collagen fibres expand from the subchrondral bone, bend over 
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Figure 4.2: The arcade model of BenninghoH demonstrat es t he structure of the 
cartilage. 
the cartilage surface to cause parallel arrangement of cells in the 
superficial layer and then bend down to the bone layer. Hence, t he 
collagen fibres are vertical aligned at the deep zone. The orientation 
of collagen fibres in cartilage has been extensively studied by elec-
tron microscopy [35]Kaab2000Hwang1992, differential interference 
contrast light microscopy [11], and polarised light microscopy [10] . 
Recently, it can even be revealed through non-destructive imaging 
techniques by small angle X-ray [38] [40] , diffusion t ensor MR, micro-
imaging [34] and polarisation sensitive optical coherence tomogra-
phy. [60] 
4.3 OA symptoms 
In osteoarthritis, visible pathological changes from the surface in-
cude fissures, superficial ulceration and indentations. Figure 4.4 is 
a histological record of an OA sample we measured with arrows in-
dicating the sites with indentations. Due to the appearance of the 
indentations, it influences the terahertz scanning result of some OA 
samples because of the bad contact with the system window. In t he 
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view of morphological and biochemical changes, there are prolifera-
tion of chondrocytes, loss of proteoglycan, increase of water content, 
loosening of the collagen network, apoptosis/ cell death, thinning of 
cartilage and cartilage calcification. If the defect extends down to 
the subchondral bone, it will simulate the bone marrow to repair the 
defect by forming a fibrocartilage. However, this repair tissue cannot 
replicate the normal cartilage as it is not efficient for load-bearing. 
From our histology of some OA samples, we observed the area of 
lacunae indicating the occurance of cell death in cartilage. Two his-
tological records with the area of lacunae and cartilage deterioration 
are given in figure 4.3. 
Cells disappear 
Cartilage deterioration 
., \ ... 
IM66 urT) (Sx) 
Figure 4.3: (a) Cell disappears from the hyaline cartilage. (b) The cartilage 
deteriorates from the surface. 
4.4 Other Imaging Techniques 
X-rays 
The current imaging diagnosis tools of OA are X-ray and MRI (mag-
netic resonance imaging). As cartilage is not radio-opaque, it is not 
visible on a X-ray film. To assess OA, the cartilage thickness is 
inferred by the space width between bones. But the space should 
include other intra-articular structures likes synovium, joint fluid 
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Figure 4.4: The histological record of an OA sample with surface indentation. 
and menisci. So the loss of space may be due to the damage of the 
other tissues but not the cartilage. It will be hard to notice the 
cartilage thickness change until serious loss or totally wear-away of 
the cartilage. In addition, some early osteoarthritis symptoms like 
surface ulceration may present with normal cartilage thickness. So 
X-ray is not suitable to diagnosis early osteoarthritis. 
aCT 
Previously, researchers have demonstrated the use of optical coher-
ence tomography (OCT) for assessment the cartilage thickness and 
the result is quite promising in both in vitro [52] and in vivo cases 
[31]. Structural changes including surface erosion [25], hypocellular-
ity [32], subsurface tears [41] were observed using OCT. In addit ion , 
OCT demonstrates the potential to detect the structure changes 
at the early reversible stage of OA [14], through the loss of bire-
fringence or birefringence changes in cartilage [32] [17] . However , the 
origin of birefringence is not well understood and it is complicated to 
interpret the data and to perform quantitative mapping of cartilage 
structure [66][61]. 
MRI 
MRI is another clinically used imaging tool for OA. Conventional 
MRI can detect late stages of OA by revealing surface irregular-
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ities as well as the cartilage thickness or volume in 3D measure-
ment [48] [43] [19]. Over the last decade advancement, MRI shows 
great achievement to detect the early pathological changes of OA 
such as the loss of proteoglycans, cartilage softening and changes in 
water content [18]. Numerous MR techniques such as Tl-weighted 
[50] [50] [51] [28] , T2-weighted, delayed gadolinium (Gd)-enhanced pro-
ton MRI of cartilage (dGEMRIC) [4] [12] , sodium MRI [49] [54] and 
have investigated to quantify the changes in proteoglycans success-
fully. Moreover , another MR technique, Diffusion tensor MR Imag-
ing (DTI) shows potential to detect the change of water diffusion 
between healthy cartilage and diseased cartilage. Meanwhile, it can 
observe the change in orientation of collagen fibers along the depth 
of cartilage [34] . 
4.5 Sample Preparation and Histology 
Sample Preparation 
New Zealand white female rabbits , aged 27-32 weeks were used for 
OA model establishment. One hind leg of each rabbit was immo-
bilised by an aluminum splint [24][23], with the untreated leg used 
as t he control. The rabbits were euthanized after six weeks and both 
femoral knee joints are harvested and formalin fixed in buffered for-
malin for 1 day. The picture of a rabbit knee joint is shown in figure 
4.5 (a). The area we measured is the femoral condyle that is illus-
t rated in figure 4.5(b). In this sample" a visible OA symptom is 
found from the surface where the color of the cartilage is in deeper 
pink, as indicating by the yellow circle. 
Histology 
After t he THz measurement , we performed histology at the site we 
scanned. The sample was first decalcified in 9% formic acid for 
a month. Completely decalcification of the sample was confirmed 
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Figure 4.5: (a) The pictures of a rabbit knee joint. (b) The picture of a femoral 
condyle with visible OA symptoms. 
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by X-ray inspection. Next, the samples were dehydrated by 70%, 
80%, 95%, 100% alcohol and xylene. Then they were embedded in 
paraffin for sectioning. Finally, to reveal the histomorphology of the 
sample, the sectioned slices were strained with haematoxylin and 
eosin (H&E). 
Blacldlne: tld~mark 
Figure 4.6: (a) The histology of IM660A with serious cartilage degeneration. (b) 
The histology of IM66c (control sample) with intact and thick cartilage. 
The histological finding of a sample pair IM660A and IM66C are 
shown in figure 4.5. Cartilage degeneration is clearly shown in the 
OA sample, on the contrary, the control sample is intact and much 
thicker. However, some of the histology findings show that control 
samples may also develop OA symptoms and sometimes, in a pair 
of samples, the cartilage layer in the cont-rol sample can be thinner 
than in its OA sample. IMI06 shown in figure 4.5 is an example. The 
cartilage in control sample indicated by the arrow is thinner than its 
OA sample which means control samples can develop OA symptoms. 
This phenomenon can be caused by the symptom protocol followed. 
When one leg is immobilized, other legs, including the control leg 
cannot function normally as well. More force may be exerted on the 
control leg when the rabbit tries to compensate for the immobilized 
leg and this leads to the occurrence of OA in the control. It is worth 
to notice that area of lacunae is found in the IMI060A sample. It 
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may result at a different interaction with the THz radiation. 
(a) 
(b) 
Figure 4.7: (a) Cell disappeared from the histology of IMI060A but its cartilage 
is thicker than that in the control sample. (b) The histology of IMI06c (control 
sample) with OA symptoms. 
D End of chapter. 
Chapter 5 
THz Pulsed Imaging of OA 
In this chapter, we investigate the interaction of THz field with the 
cartilage samples by measuring the knee joint femoral condyles under 
reflection geometry using the flatbed system and the probe system. 
We examine the THz responses reflected back from the samples and 
comparing the findings with the histology. We also apply FDTD to 
simulate the reflections from a multi-layer medium to visualize how 
t he gradual change of refractive index along the cartilage influence 
t he response. 
5.1 Results 
A total of 27 femoral condyle sample pairs were measured. Each 
pair includes an OA sample and control sample from different leg 
of rabbit. Twelve pairs were raster-scann-ed in the x-y plane using 
t he fl atbed system and of those eight pairs were measured again in 
line scan using the hand-held probe system. The other 15 pairs were 
measured with the probe system. The baseline calculation method 
is different for two setup results. For the flatbed , the baseline offset 
is obtained from quartz measurement whereas the baseline offset of 
probe data is estimated based on the calculation from water measure, 
the details of methods is described in Section 2.3. 
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5.1.1 Optical Delays 
Flat bed result 
A typical raw waveform measured from the IM82 OA sample using 
the flatbed reflection system is illustrated in figure 5.1 (a) - we see 
that there are two troughs O.92ps apart. The raw data is then de-
convolved following Equation 2.14 in order to obtain the processed 
data with the system response removed. A typical processed im-
pulse response is illustrated in Fig.3. There are two peaks and a 
trough followed , hence totally three reflections can be found in the 
typical case. The first peak in the typical waveform represents the 
reflection from the quartz/sample interface. Those peaks or troughs 
after the first peak are reflections inside the sample caused by the 
refractive indices changes within the tissue layers. In figure 5.1 (b) , 
the optical delay between the first peak and second peak is O.99ps 
and the optical delay between the first peak and trough is 3.29ps. 
In addition, we found that the optical delay between troughs in the 
raw data is not consistent with the optical delay between the peaks 
in the processed data. Thus, the deconvolution process is inevitable 
to give the details of where the reflections are. 
The shape of impulse functions vary among different samples. 
For example, some samples do not show any trough in the impulse 
functions or sometimes there are no obvious second peak but result 
at a flat broadening between the first peak and trough. There are 
some cases got many peaks like ripple after the first main peak. The 
ripple may be due to reflections or noise. When we consider the 
peak-to-peak optical delay for this case, we assume it is caused by 
the noise and have them smoothed by setting a larger value on the 
high pass filter parameter (can refer to the 'h' term in Eq. 2.15) . 
Then the peak-to-peak optical delay is measured from the first peak 
to the middle of the smoothed pulse. Thus, the peak-to-peak optical 
delays highly depend on what the filter function we applied. 
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Figure 5.1: (a)The typical raw waveform of the IM820A sample. (b )The typical 
impulsed function of the IM820A sample. 
C-scan Images 
The raster-scanned images of the IM82 OA samples plotting with 
different parameters are demonstrated in the figure 5.2. Due to the 
sample geometry, not all the points made good contact with the 
quartz window. Generally, the area under good contact was less 
t han Imm2 . Hence , typical waveforms appear only inside the darker 
blue region bounded by the dashed line in figure 5.2( a) where good 
contact was made. We determine whether or not a point has made 
good contact by assessing its peak value and the time of the first 
peak. The darker the blue in the figure 5.2( a) means the smaller 
peak value of t he first pulse in the processed data. Whereas in the 
figure 5.2(b) the darker blue means the fir?t peak arrived at a earlier 
t ime. Points with bad contact tend to have a much larger first peak 
value and the arrival time of the peak often lags behind those points 
in good contact . These differences are illustrated in figure 5.3 where 
a waveform from a pixel out side the dark blue region in the figure 
5.2 ( a) (dashed line) is plotted alongside a waveform from within 
the dark blue region (solid line is). The lower peak value of the 
solid waveform verifies that t he pixel is in good contact. The trough 
arrived right behind the first peak of the pixel in bad contact reveals 
that a air gap formed between the quartz window and the sample. 
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Cross-sectional View (B-scan Images) 
A cross-sectional view (B-scan) gives a better understanding of a 
sample internal structure. A cross section at the site marked by the 
dash line in 5.2 ( a) is illustrated in figure 5.2 ( c ). The colour gradient 
represents the amplitude of processed impulse function. A blue line 
indicates the position of quartz window and a bold black curve is 
the border of the femoral condyle. A light black curve pointing by 
the blue arrows is constructed by the troughs of impulse functions. 
Hence, the space between two black curves suggests the location of 
hyaline cartilage if the trough is the reflection ofI' hyaline/calcified 
cartilage interface. The light black curve is not sharp to see as the 
trough values of those pixels in good contact are comparative small 
to the troughs found in bad contact pixels. A yellow line pointing 
by the black arrows is constructed by the second peaks of impulse 
functions. Since it is in between the first peak and trough, it would 
be reasonable to deduce that is a reflection off one of the zones 
interface within the hyaline cartilage. 
Color Map of Peak-to-peak Optical Delays 
The peak-to-peak and peak-to-trough optical delays of each pixel 
within the area of interest for all samples were calculated and plotted 
on false color maps. For the peak-to-peak optical delay, we first 
selected a time range in which the peaks were located (16 - 19 ps is 
the time range in figure 5.1 (b)). The program first defines a point as 
a local maximum if both the previous point and the later point have 
smaller values, then we looked for the first maximum value and the 
second maximum among the processed data within the time range 
for each pixel. The peak-to-peak optical delay between the first and 
second maxima was recorded and plotted as color gradient in figure 
5.4(a). The values in the region outside the area of interest are set 
to zero in order to speed up the computational time. The blue pixels 
correspond to areas where an obvious second peak is found in the 
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Figure 5.2: (a) False color map of the maximum peak values in processed data set 
of IM820A sample. The dashed line encloses the region in contact with quartz 
window. The horizontal dash line at center indicates the location of the cross 
section view shows in t he figure 5.2( c). (b ) False color map of time of flight(max) 
in processed data set of IM820A sample. (c )B-scan of IM86 control sample, a 
cross-section view with y-axis showing the depth profile. The blue arrows point out 
t he interface formed by the reflected trough. So the space between two dark lines 
indicates t he hyaline thickness if t he trough is reflected off the cartilage/calcified 
cart ilage interface. 
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Figure 5.3: It is important that the sample makes good contact with the quartz 
window. This graph illustrates how the waveforms for the IM820A sample are 
affected by the sample contact made with the quartz window. 
processed data. The darker blue means the tissue is thinest (optical 
delay is smallest) and the lighter blue means the tissue is thickest. 
So the pixels not in blue correspond to where no second peak is 
found. In that case, the local maximum is just fluctuation caused 
by noise but not a peak. 
Color Map of Peak-to-trough Optical Delays 
The peak-to-trough color map was constructed in a more simple 
way. The peak-to-trough optical delays were recorded by measur-
ing the time distance between the maximum point and minimum 
point of the impulse functions. As the peak and trough are always 
correspondence to the maximum and minimum points respectively. 
Figure 5.4(b) shows the color map of peak-to-trough optical delays 
from IM820A sample in which only the center part in orange color 
are under good contact. The redder pixel represents the tissue is 
thickest ( optical delay is greatest). The blue pixels with shorter op-
tical delays are due to the air gap in pixels with bad contact. 
For each sample scanned with the flatbed system, fifteen pixels 
were chosen from the area identified as having good contact and 
typically had waveforms like the one shown in figure 5.1 (b). The 
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Figure 5.4: (a)False color map of IM82 OA sample with contrast representing the 
peak-to-peak optical delay. The darker the blue represents a shorter peak-to-peak 
optical delay. (b) False Color map of IM82 OA sample with contrast representing 
the peak-to-trough optical delay. 
mean and standard deviation of the optical delays were then calcu-
lated from these pixels. The mean results of peak-to-peak optical 
delays and peak-to-trough optical delays from all samples are listed 
in Table 1. Since some samples do not show any trough in their THz 
responses , they are marked as n/ a in the table. Both of the optical 
delays are then related to the findings of histology in the section 
5.1.4. 
Probe result 
The probe handheld system run in line scanning mode for the OA 
measurement. In figure 5.5, the picture demonstrates how the femoral 
condyle sample is pressed against the probe window and places at 
the center line for scanning. A series of pulses is obtained after the 
measurement and shown in figure 3.14. The line pulses contain 15 
points measurement and each point was constituted by two pulses 
in which the first one is due to the bottom of the quartz window and 
the second one is due to the quartz/sample interface. If refer to the 
£latbed C-scan result, there is around Imm2 area in good contact. 
The point-to-point distance is near O.57mm which means at most 
two points can make good contact out of the 15 line pulses. The 
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Sample Peak-to-peak (ps) Peak-to-trough (ps) 
OA Control OA Control 
IM66 0.90 ± 0.24 0.62 ± 0.04 n/a 3.75 ± 0.19 
IM77 0.92 ± 0.03 0.99 ± 0.22 3.70 ± 0.33 n/a 
IM79 0.80 ± 0.09 0.81 ± 0.07 n/a 3.77 ± 0.16 
IM81 0.66 ± 0.04 1.38 ± 0.20 2.44 ± 0.12 2.06 ± 0.07 
IM82 0.88 ± 0.17 0.54 ± 0.06 3.71 ± 0.39 1.10 ± 0.21 
IM83 0.67 ± 0.04 0.66 ± 0.03 2.54 ± 0.06 2.58 ± 0.09 
IM84 0.91 ± 0.12 0.84 ± 0.13 3.70 ± 0.22 3.36 ± 0.13 
IM85 1.21 ± 0.11 1.13 ± 0.15 2.42 ± 0.18 2.29 ± 0.09 
IM86 1.11 ± 0.36 1.11 ± 0.09 2.29 ± 0.14 1.93 ± 0.13 
IM88 0.58 ± 0.04 0.66 ± 0.02 0.94 ± 0.04 1.26 ± 0.09 
IM91 0.65 ± 0.06 1.09 ± 0.14 1.68 ± 0.21 2.03 ± 0.08 
IM93 1.00 ± 0.15 0.68 ± 0.27 4.26 ± 0.78 2.52 ± 0.20 
Table 5.1: The means and standard deviations of peak-to-peak and peak-to-trough 
optical delays from 12-pairs of samples (values of mean ± standard deviation). 
pulses in the middle part of the line measurement shown with lower 
amplitudes indicating the points under contact. The one with the 
lowest amplitude is chosen as the representing point of the measured 
sample. T he typical raw THz waveforms from sample IMI080A and 
air reference are given in the figure 5.6. The first pulses of the wave-
forms are due to the reflections of the bottom of the quartz window 
and the second pulses are due to the reflections of quartz/sample 
interface or quartz/ air interface. The offset misalignment between 
two measurements is caused by the fiber movement or fiber t ension 
and this misalignment can be aligned by the first pulses of the wave-
forms which are supposed to be identical. The procedures of how 
we processed the probe data is detailed in section 3.6.2. 
T he deconvolved data or impulse function of the IMI080A is 
given in figure 5.7 ( a). In the resulting impulse response function 
the second peak closely follows the main peak with about I .Olps 
separation and there is a trough 1.94ps after the first peak. The 
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Figure 5.6: The typical raw waveform of the IMI080A sample by the probe 
system. 
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Figure 5.7: (a)The typical impulse function of the OA sample from IMI080A 
using the probe system. (b )Another typical impulse function of femoral condyle 
shows a vague second peak from the sample IM86c. 
shape of the typical deconvolved data using the probe system are 
consistent with our previous findings using the flatbed TPI system. 
In some cases, we may not able to resolve the second peak from the 
reflected pulse, like the waveform in solid line in the figure 5. 7(b). It 
is because, first, the result greatly depends on how well the sample 
contacted with the probe. However, due to the limitation of sample 
geometry, it is difficult to ensure the measured region located at the 
center line, and therefore, the obtained waveforms may be reflected 
from the surrounding of the contact point. Second, the baseline 
offset covers the range of second peak and it is comparablely large 
to the second peak, thus it is critical to resolve the second pulse 
during deconvolution. This baseline offset is calculated from the air 
reference and water measurement. It is found that a tiny phase shift 
between them can result at a total different baseline. So it turns out 
the second peak is sensitive to the system stabilization. 
Twenty sample pairs were line-scanned using the probe system 
and 8 of those pairs were previously measured using flatbed systerIl 
. The peak-to-trough optical delays of all the measured samples are 
listed in table 5.1.1. Each optical delay is chosen and calculated 
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from t he pulse with the lowest amplitude among the line pulses. 
Since t he incident angle of the probe system is smaller than that of 
t he flatbed system (as listed in table 5.1.3), the THz beam travels 
a shorter distance over the same thickness sample and therefore the 
peak -to-trough optical delays listed in table 5.1.1 is shorter than the 
corresponding one listed in table 5.1.1. To verify if the two systems 
obtain identical thickness for same samples, we have the optical 
delays from two systems converted into thickness for comparison in 
t he section 5.1.3. 
Sample Peak-to-trough (ps) 
OA Control 
IM92 nla 1.46 
IM95 1.13 1.44 
Sample Peak-ta-trough (ps) IM96 1.15 1.85 
OA Cont rol IM97 1.11 1.81 
IM81 1.41 1.85 IM98 1.98 1.81 
IM83 1.49 1.99 IM99 1.21 1.77 
IM84 1.41 1.35 IMI00 1.81 1.85 
IM85 1.81 2.13 IMI0IFCl 1.44 1.85 
IM86 1.71 1.68 IMI0IFC2 1.49 1.44 
IM88 1.81 1.56 IMI03 nla 1.56 
IM91 nla 1.32 IMI04FCl 1.74 1.95 
IM93 1.82 1.88 IMI04FC2 1.41 1.57 
IMI06FCl 1.64 1.64 
IMI06FC2 2.23 1.87 
IMI08FCl 2.11 1.81 
IMI08FC2 1.67 1.69 
Table 5.2: The peak-ta-trough optical delays from 20-pairs of samples measured 
using the probe system, of those 8-pairs (IM81-93) were previously measured using 
flat bed system. 
The second peak is rather difficult to obtain from the probe result 
as much more noise introduced by the complicated design of hand-
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held system. Sometimes it required to set a lower value for the high 
pass filter parameter 'hf' to retain the appearance of the second 
peak. However, for this case we were not able to efficiently filter out 
the noisy and the noisy may become comparable to the amplitude of 
the second peak. It will then hard to determine whether the peak is 
a reflection or noise only. The peak-to-peak optical delays measured 
from the probe system and the histology findings of sample pairs 
IM92-108 are listed in Appendix. 
Conclusion 
We have shown the typical raw waveforms and the typical processed 
impulse functions of the OA cartilage sample using the flatbed sys-
tem and the hand-held probe system. The typical impulse functions 
from two systems are consistent on the waveform profile that three 
reflections are observed. These reflections indicate the change of 
refractive index occurred within the knee joint sample. It shows 
terahertz imaging have the ability to differentiate layers inside the 
sample. Hence, by measuring the optical delays between the multi-
reflections we should able to quantize the thickness of cartilage lay-
ers. Actually, the layer visualized from the cross-sectional view (B-
scan) substantiate this assumption. To recognize the true dimen-
sion of the cartilage layers, we have to convert the optical delays 
into thickness and this step required the known of refractive index 
among different layers. In the following sections of this chapter , we 
will explicit how we estimate the surface refractive index of the sam-
ple and show the correlation result to the sample histology records. 
5.1.2 Estimation of surface refractive index 
To estimate cartilage thickness from the optical delay, we need to 
know the refractive index of the cartilage. Using the ratio of Fres-
nel equations over the sample waveform to the reference waveform, 
we can calculate the refractive index of homogeneous samples. The 
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Figure 5.8: The cropped waveform from the IM810A sample processed data for 
calculating the surface refract ive index. 
calculation is detailed in the section 2.4. To adapt the calculation 
for our knee joint samples we only consider the first reflection from 
t he sample processed data and remove the reflection afterwards by 
padding with zeros. Thus, the refractive index calculated is estima-
t ion of the refractive index of the outermost surface. In figure 5.8 the 
waveform in solid line is the original processed data obtained by an 
OA measurement using the flatbed system and the dashed waveform 
is cropped with only first reflection left. Zeropadding right after the 
first reflection can cause a sharp corner at the root and introduces 
unwanted frequency components. A Gaussian function is therefore 
ut ilized and adjusted to a shape similar to the first reflection. Then 
we use t he root part of it to replace the sharp corner of the cropped 
waveform. The dashed waveform in figure 5.8 utilizing this method 
demonstrates a round corner instead of a sharp one. It is worth 
to notice t hat different degree of curve at the cropped corner can 
influence the resulting surface refractive index. 
T his dashed waveform forms a ratio with an air processed data 
for calculating the surface refractive index of cartilage sample and 
the result is shown in figure 5.9. We can see the surface refractive 
index is frequency-dependent and it ranges from 1.6 to 1.9 between 
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0.2 to 1 THz in this sample. Here we use processed data instead 
of raw data for calculation, a comparison between raw data and 
processed data is performed in the section 3.7 to verify their resulting 
refractive index are consistent. Since the filter setting applied on 
deconvolution changes the amplitude of the processed data, it is 
required to use the same filter setting while deconvolved the sample 
waveform and reference waveform to ensure a correct amplitude ratio 
for calculation. Examined all the samples measured with the flatbed 
system, the surface refractive index of cartilage generally ranges from 
1.4 to 2 between 0.2 to 1 THz. According to the study of Stringer 
et. al. [58], the refractive index of human cortical bone at 1 THz is 
about 2.36. If this value is applicable to rabbit subchondral bone, 
the THz light will propagate from a lower refractive index region 
to a higher one when crossing the cartilage/bone interface. This 
means that a phase change would take place at that interface too 
which explains the observed troughs. 
The same methodology is applied on the probe processed data 
to obtain the surface refractive index. An example calculated from 
IM86c is demonstrated in figure 5.10, the corresponding impulse 
function and cropped waveform are shown in the figure 5.7(b). Where 
the green line gives the surface refractive index calculated from the 
cropped waveform and the blue line is for comparison to show how 
the refractive index profile changed if applied the entire raw data 
into the calculation of refractive index. For this sample the surface 
refractive index ranges from 1.37 to 2.13. Summaries the results 
from all the probe data the value of the surface refractive index is 
about 1.3 to 2.3 among the efficient frequency range. The corre-
sponding absorption spectra are listed as well but it varies a lot 
among samples. 
Beside the Gaussian function mentioned above there are several 
factors can influence the result of the refractive index of the sur-
face and account for its variation. For instance, the quality of con-
tact between the quartz window and the sample significantly affects 














0.2 004 0.6 0 .8 1.0 
Frequency(THz 
Figure 5.9: The surface refractive index of cartilage from IM810A sample. 
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the reflected waveform and thus the reflective index calculated from 
it . Additionally, the filter used in the deconvolution process affects 
where the waveform is cropped and influences the calculation. 
5.1.3 Conversion of Optical Delay into Cartilage Thick-
ness 
Assuming sample cartilage is homogeneous, such that the refractive 
index is same over the tissue and equal to the surface refractive in-
dex , the cartilage thicknesses of all samples are estimated with their 
surface refractive index and compared with their physical thickness 
range found in histology as listed in Table 2. Cartilage thickness 
varies wit hin a sample. Of the fifteen points with good contact from 
each sample, the mean optical delay is calculated and converted into 
thickness . To estimate the thickness , we first calculated a lower value 
from refractive index equals to 2 and a higher value from refractive 
index equals t o 1.4. Then the calculated thickness is the mean of 
these two values. We choose the refractive index range 1.4 to 2 
obtained from the flat bed system but not the range from the probe 
system, because the fl atbed system's result gives a larger correlation 
with the histology record. 
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Figure 5.10: The surface refractive index and absorption of cartilage from IM86c 
sample measured with the probe system. 
Thickness@lps Incident Angle n=2 n=1.4 
Flatbed 
Probe 
30° in air 
3.48° in Si 
77.5/-lm 114.7/-lm 
75.4/.lm 108.3p,m 
Table 5.3: The corresponding cartilage thickness for Ips optical delay of two 
reflection systems. 
According to our flatbed system, a 1ps optical delay is equivalent 
to 77.5 f1m when the material's refractive index is 2 and 114.7 f1m 
when refractive index is 1.4. The calculation of how to convert 
optical delay into thickness is explained in the section 2.5. As the 
incident angle is smaller at the probe system, the corresponding 
optical delays per 1 ps are different and is listed in table 5.1.3. Take 
IM810A sample as an example, a 2.44 ps peak-to-trough optical 
delay obtained from the flatbed system will result in 189 f1m as 
the lower value and 280 f1m as the higher value. Then we use the 
mean value (ie. 234.5f1m) as the calculated thickness. Table 5.4 
shows and compares the calculated thickness converted from the 
peak-to-trough optical delays recorded from the flatbed system and 
the probe system. We can see the converted thickness from the 
probe data are not equal to the results from the flat bed system and 
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they are smaller in value. In figure 5.11 the converted thickness of 
peak-to-trough optical delays from two systems are plotted again 
each other. The result from OA samples is rather random but the 
control results (except two samples) demonstrates a linear trend. 
Table 5.4: The calculated thickness converted from peak-to-trough optical delays 
over 8-pairs of samples recorded from the £latbed system and the probe system. 
Sample OA Control 
Flatbed Probe Flatbed Probe 
IM81 234 130 198 170 
IM83 244 137 248 183 
IM84 356 130 323 124 
IM85 233 166 220 196 
IM86 220 157 185 154 
IM88 90 166 121 143 
IM91 161 nla 195 121 
IM93 409 167 242 173 
5.1.4 Correlation with Histology 
To test the validity of the measured data, we related the optical 
delays to the findings of histology. Since it is difficult to locate the 
point we measured on histology records, we take the average of car-
tilage thickness within the region of interest and compares to the 
mean optical delays. Two histological slices from IM88 sample pair 
are displayed in figure 5.12 to demonstrate how we determine the 
average cartilage thickness for comparing with the THz results. Fig-
ure fig:hist88oa is the histology of IM88 OA, it focuses on the part 
we targeted to image with our system. The 500/Lm wide dashed line 
indicated the approximate location of the well-contacted area as ob-
served in C-scan color map. We found the range of hyaline cartilage 
thickness was about 227 /Lm to 327 /Lm in the 0.5 mm wide region of 
interest. If we include calcified cartilage in the measurement, which 
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Figure 5.11: Comparison between the calculated thickness obtained from the 
£lat bed system and the probe system converted from peak-to-t rough optical delays . 
is from the surface to the cartilage/bone interface, the thickness 
ranges from 253 !Lm to 367 /lm. The average cartilage thickness is 
then recorded as the mean value of the range . So the average hyaline 
cartilage thickness is 277p,m and the average cartilage thickness up 
to bone is 310 !Lm. The relevant thickness range of other samples 
are listed in appendix. In this pair , we see that control cartilage can 
be thinner than OA's. It is worth noticing that the location of the 
histology may not show the exact place we imaged because of t he 
small and curved geometry of femoral condyle. 
As shown in figure 5.13, we relate the peak-to-peak value and 
peak-to-trough values extracted from the £latbed syst em data wit h 
the hyaline cartilage thickness on both OA and control samples sep-
arately. The random patterns in figures 5.13( a) and 5.13(b) indicate 
that peak-to-peak value is not related to the hyaline cartilage. But 
a relatively clear pattern is shown on figure 5.13 ( c) indicates t hat 
the peak-to-trough value from control samples is relat ed to t he hya-
line cartilage, in where a red regression line is added to enhance 
the visualising of relationship between them. It is not surprise to 
find that the result from OA samples does not give t he same t rend. 
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Figure 5. 12: (a) The histology of IM88 OA sample with 10x magnification. (b) 
The histology of IM88 cont rol sample with 5x magnification. 
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According to the corresponding histology, we can see the cartilage 
thickness varies a lot (the maximum variation range up to 1 70 j.Jm 
in hyaline cartilage) and some indentations on surface. Thus, the 
mean value can be very different from the points we scanned and 
leads to the mean histology thickness not applicable for comparing 
in this case. It also explains the random pattern appearing on OA 
samples as shown in figure 5.13(d). By looking at the correlation 
with hyaline cartilage, the value from peak-to-trough of control sam-
ples is 0.71, comparatively, correlations from peak-to-peak value of 
control samples is -0.45. Therefore, the peak-to-trough optical de-
lay is most likely representing the hyaline cartilage thickness. And 
it implies the refractive index of calcified cartilage larger than that 
of hyaline cartilage to result a trough at the interface. 
In order to analyze the agreement between our finding and the 
histology record we look at the Bland-Altman plots as shown in fig-
ure 5.14. The mean difference between the control samples and the 
histology records is -32 j.Jm. This value is reasonable as the average 
range of variation within the interest area in histology of control 
samples is 64 film. However, refer to the 'limit of agreement' (Bland 
and Altman 1986), the upper limit (i.e. the +1.96SD) of agreement 
with 95% confidence interval is 18 - 166j.Jm, is too wide that the 
degree of agreement is not acceptable. For the case in OA samples , 
the average range of variation is even larger than those of control 
samples; therefore we can see the differences between the calculated 
thickness and histology are larger in OA samples, comparing to con-
trol samples. 
Same validation experiment was performed on the probe data. 
The corresponding comparison between the probe results and his-
tology findings is illustrated in figure 5.15. The value of correlation 
of this figure is 0.36 over 23 control samples which is much lower 
than the £latbed system correlation 0.71. This poor result can be 
accounted to the probe data itself is much noisy and the increasing 
difficulties to match the scanned sites on the histology findings. 
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Figure 5.13: (a,b) Peak-ta-peak optical delays of control and OA samples against 
the mean hyaline cartilage thickness from histology. (c,d) Peak-ta-trough optical 
delays against the mean hyaline cartilage thickness from histology. (The flat bed 
system findings) 
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Figure 5.14: Bland-Altman plots of calculated thickness from peak-to-t rough val-
ues against histology records , where (a) is from control samples , (b) is from OA 
samples. 
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Figure 5.15: Peak-to-trough optical delays obtained from the probe system against 
the mean hyaline cartilage thickness from histology_ 
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5.1.5 Errors and Problems 
As we can seen from the correlation result, our calculated thickness is 
not exactly equal to the histology records. In fact, numerous factors 
can attribute to these errors and account for the weaker performance 
achieved by the OA samples and the probe findings. The errors can 
be classified into two groups according to the stage they intervened. 
The first type is formed during the scanning procedure and another 
type is caused during the data processing. 
Errors from Scanning 
Contact problem is the main difficulty we encountered during the 
experiment. First , as the femoral condyle is small and curve that 
increases the difficulty to hold it still against the quartz window 
for about 3 minutes long to form a 25mm2 x-y image. A little bit 
hand shake can shift the target location off the scanning point and 
leads art ifacts into the THz results. Second, it could be difficult 
to ensure the area touching the quartz window is the diseased area 
we target ed. Sometimes the site with visualized OA symptom may 
even locate at the cavity between condyles which cannot be reached 
by our systems. Third, we cannot stain the area being scanned 
on t he sample that we could only take histology record from the 
approximate location. As we can see from some histology records, 
t he cartilage thickness varies over few hundred micrometers within 
O.5mm distance. This means if we wrongly take the histology from a 
location just O.5mm next by the point we measured, it will introduce 
few hundred micrometers error to the comparison result. So if the 
measured sample with even cartilage thickness, the error will be 
smaller. 
As shown in the correlation result, even the peak-to-trough opti-
cal delays shows a rather good correlation to the histology findings, 
the same trend is not revealed on the OA data. It is because the 
cartilage thickness variation in the OA sample are comparable large 
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Figure 5.16: Schematic diagram illustrates the off-center problem while scanning 
the femoral condyle using the probe system. 
that increases the error while matching with the histology. In ad-
dition, cartilage degeneration from most of the OA samples makes 
their surface rough and difficult to contact to the probe window. 
To maintain a good contact between the quartz window and the 
femoral condyle is more difficult to implement using the hand-held 
probe system. For the flatbed system, there must be some points 
under keep contact with the quartz window and we can determine 
which of them is in good contact by comparing with the surrounding 
points. However, we are not able to ensure the point touching the 
center line for scanning using the probe system and therefore , the 
obtained waveforms may be reflected from the surrounding of the 
contact point as the case illustrated in figure 5.16. If we want to 
match the THz finding on the exact location of histology, one of the 
way is to strain the target site on the sample and set a camera in 
the THz system to monitor and verify the site we going to scan. 
Errors from Data Processing 
In the section 5.1.2 we introduce a method to extract the surface re-
fractive index from the first reflection of the THz impulse response. 
However, the way we cropped the multi-reflections after the first 
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pulse influences the value of the surface reflective index. In figure 
5.17 we explicit how the surface refractive index changes according 
to different degrees of curve we applied at the root of the main pulse. 
This means this processing step will add uncertainty and error to 
the estimation of refractive index of cartilage. Furthermore, we use 
the lower bound(1.4) and upper bound (2.0) values as the surface re-
fractive index to calculate the cartilage thickness range and then we 
takes the mean value as the represented cartilage thickness. How-
ever, in the real case, it would be more complicated to calculate the 
thickness from the material with a frequency-dependent refractive 
index. Moreover, the method of determine surface refractive index 
from the first reflection is not yet validated through other experi-
ments , further work is needed to verify the result. For example, we 
can measure a multi-layers sample with known refractive indice and 
then check whether we can extract a correct value for the refractive 
index of the first layer from the first reflection. 
Cartilage is not a homogenous tissue - there is a gradient of vary-
ing calcium content throughout. This in turn means that the refrac-
tive index varies continuously (rather than discretely) throughout 
the sample layers. For a given optical delay, a smaller refractive in-
dex yields a larger thickness. Thus if the refractive index of the upper 
layer of cartilage layer is greater than the lower layers of cartilage 
then the thickness will be underestimated. Hence, even if the surface 
refractive index we estimated is correct , it is not accurate to estimate 
the entire cartilage thickness solely from the surface value. The data 
from probe appears much noisy than the data from flatbed system. 
Besides the contact problem, there are the other three factors can 
introduce noisy and errors. They are the alignment problem, filter 
setting and the baseline offset. 
First, the complicated system structure of the probe yields the 
instability of THz signals. This in turn requires more procedures 
to process the data and therefore, introduce more artifacts and un-
certainties to the result. The filter which guiding the laser beam to 
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Figure 5.17: (a)Diflerent crop processed data (b)The refractive index and absorp-
tion spectrum for different crop processed data. 
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the probe head is the prime factor leading the uncertainties. Even 
we have the fiber still during experiment, the fiber tension itself 
will lead to the temporal shift of the THz pulses and the size of 
the pulse may change as well while re-opening the system. Thus, 
we must align and normalize the raw waveforms according to the 
reflection of the bottom surface of the quartz window. However, 
we then find the reflections of the THz impulse function from the 
knee joint measurement is very sensitive to the alignment. Once the 
alignment is shift, the location of the second peak and trough may 
shift as well. It means the alignment can yield error to the optical 
delays. Meanwhile, part of the details of the THz response caused 
by samples may be removed when we perform the normalization. 
Summaries the above factors, the optical delays are sensitive to the 
system stabilization. 
Second, the filter we applied during deconvolution can influence 
the shape of the THz impulse response and thus in turn influences 
the optical delays obtained from it. In figure 5.18, different filter 
parameters are applied on the deconvolved data obtained from the 
knee joint measurement using the probe system and the shape of the 
trough change correspondingly. The minimum point may shift from 
the left side of the trough to the right side, and thus increases the 
peak-to-trough optical delay. If the location of trough right shifts 
O.4ps , it would lead to 43JLm longer on the optical delay. 
Third , as mentioned before, the baseline offset covers the range 
of second peak and it is comparable large to the second peak, thus 
it is in critical to resolve the second pulse during deconvolution. 
This baseline offset is calculated from the air reference and water 
measurement. It is found that a tiny phase shift between them can 
result at a total different baseline. Since we have the baseline offset 
calculation method developed after the OA measurement, the wa-
ter measurement we used for calculating the baseline was not taken 
at the same day as the OA measurement and thus increases the 
incredibility and introduces error while binding different day mea-
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Figure 5.18: Optical delays change with filter settings. 
surements for processing. If we will repeat the sample measurement 
in the future , it is necessary to take another air reference and water 
measurement during the experiment for computing a more accurate 
baseline offset. Another issue is how the change in content affects 
the refractive index and how that in turn affects the t erahertz re-
sponse. For instance how big a change in refractive index causes 
the terahertz light to be reflected - could the first reflection that we 
see be only partway through the hyaline cartilage? In summary, it 
seems that TPI is very sensitive to changes in cartilage but more 
work is needed to fully quantify TPI measurements. 
5.2 FDTD of cartilage layers 
Applying the FDTD simulation we derived in Section 2.6 , we inves-
tigate the reflected E-field after passing through multi-layers of car-
tilage. To employ the simulation we provided, we have to assume the 
sample refractive index is frequency-independent. A double Gaus-
sian filter is used as the source for the simulation which is the same 
one we used in the deconvolution process expressed in 2.15 , but here 
the parameters is optimized to produce a 3THz pulse and each step 
size used in the simulation is equal to 5J1m. 
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Figure 5.19: (a)The given refractive index profiles of three-layer cartilage (b )and 
t heir corresponding FDTD reflection results . 
As shown in figure 5.19( a) , we constructed three-layer cartilage 
profiles with distinct refractive index over layers after a quartz win-
dow. The first two layers are 100f.jm in thickness and the last layer 
wit h refractive index of 2.36 is infinite long that no reflection back af-
t er this layer. The green line illustrates a cartilage obtained sharply 
change of refractive index between layers , where the value of the first 
layer is 1.5 , second layer is 1.3. Its simulation output is provided in 
t he figure 5.19 (b) in green, as we can see, three reflections are pro-
duced and it is in the order of 'peak-peak-trough'. In contrast to the 
green line, if t he refractive index profile is gradually changed along 
t he depth as the blue line in the figure 5.19(a) , the field intensity 
dropped and the reflection pulses disperse more. Moreover, larger 
optical delays between reflections were observed from the profile with 
gradually changed refractive index. This result implied that if we 
use a const ant value to estimate the refractive index of a layer with 
changing refractive index, the optical delays will be underestimated 
and so the converted thickness. 
Through the FDTD simulation, we have shown that a peak-peak-
trough THz response can be obtained from a tissue with three layers 
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that 2.12 > nl > n2 < n3, where nl is the refractive index of surface 
layer and n3 is the refractive index of the deeper layer. 
5.3 Conclusion 
In this chapter, we have analyzed the THz responses of osteoarthritis 
rabbit femoral condyle samples measured from two reflection sys-
tems. We found that it is feasible to use TPI to reveal internal 
structures of knee joint cartilage. Three reflections were obtained 
from most of the samples indicating TPI can classify particular lay-
ers among the cartilage. Furthermore, we calculated the frequency-
dependent refractive index from the first reflection off the cart ilage 
and used it to quantify the THz optical delays into thickness. The 
result shows a good correlation between the optical delays from t he 
TPI data measured by the flatbed system and histology results. 
These early findings suggest that TPI has the potential to measure 
cartilage thickness once the terahertz properties of the constituent 
layers of cartilage have been better determined. In the last section of 
error and problem, we mentions the contact problem caused by t he 
small and curve geometry of femoral condyle can greatly influence 
the result quality; therefore in the Chapter 6 we used thin slice car-
tilages cut off from the femoral condyle surface as samples inst ead of 
the entire knee joint for better contact. Also, in Chapter 7 we have 
tried to obtain the THz properties of cartilage from transmission 
experiments which can get rid of the contact problem. 
o End of chapter. 
Chapter 6 
Sliced Cartilage Sample and Bone 
Measurement 
6.1 Sliced Cartilage Samples 
The curved surface of femoral condyle makes it difficult to achieve 
good contact with system measuring windows during experiment. 
Instead of pressing the femoral condyles against the window, in this 
section, we used thin cartilage slices cut from the surface of femoral 
condyles for measurement. The cartilage slices still have certain 
degree of bending, but it is easy to press them against the window 
as they are thin and soft. Two cartilage slices were scanned using 
the imaging system. Both samples were first scanned by placing on 
top of the window without external force exerted on the samples. 
They were then scanned twice using a br~ss mirror placed on top of 
the sample, so it pressed the sample more tightly to prevent air gap 
between the window and the sample. To recognize how the pressing 
force influenced the THz response of the samples, we measured one 
of the sample again with external force exerted on the brass mirror 
and it further compressed the slice cartilage. 
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Figure 6.1: (a)False color map of the larger cartilage scanned with a brass mirror 
placed on top. The color gradient is plotted with the minimum peak value of the 
processed data. The redder color represents a smaller minimum peak. (b) False 
color map of the smaller cartilage scanned with a brass mirror placed on top. 
6.1.1 Multi-reflections of sliced cartilage samples 
Five scans were obtained from these two cartilages. The false color 
maps of them scanned with the brass mirror on top are shown in 
figure 6.1.1. The color gradient is plotted with the minimum peak 
values found in their THz impulse responses. Red-orange color area 
indicates the cartilage position and the blue area indicates the area 
that was shadowed by the mirror. The blue color of the surrounding 
area is caused by a trough due to the air/mirror interface. Compar-
atively, the mirror reflection is much smaller after passing through 
the cartilage, so the trough caused by the cartilage/mirror interface 
is less negative and results in red color. It is explicit from their 
typical THz responses shown in figure 6.1.1. The pulse in blue is 
selected from the center point of the small cartilage and the pulse in 
red is picked from area outside the cartilage. We see that the first 
reflection off the cartilage arrives before and is smaller in amplitude 
than the air reflection. So the arrival time and the maximum value 
of the first peak are used to identify whether the area has made good 
contact. 
The reflections off the mirror are indicated by arrows at the 
pulses. We can see the mirror reflection is three times smaller in 
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Figure 6.2 : The typical THz impulse responses of the slice cartilage with a brass 
mirror placed on top and the surrounding area under the shadow of mirror. 
the cartilage THz response and because light travels faster in the 
air gap , there is a shorter optical delay compared to the air/mirror 
reflection. In this case, a 3.43ps optical delay is formed by the air 
gap which represents 594/Lm in distance (lps is corresponding to 
173.2/Lm in air for the image system). Thus, the small slice cartilage 
is about 594/Lm in thickness but it is worth noticing that the slices 
t hicknesses are not even and it is hard to ensure the mirror we put 
on it is parallel to the measuring window. Refer to the cartilage 
THz response, the optical delay from the window/cartilage interface 
to the cartilage/mirror interface is 5.74ps. Together with the given 
t hickness, the average refractive index of this cartilage is 2.37 based 
on t he equation 2.69. 
As we can seen the THz response of the surrounding area, there 
were second and third troughs after the first mirror reflection. From 
the nearly equal separations , we know that was due to multi-reflections 
between the measuring window and the mirrors as illustrated in the 
figure 6.3 . T he optical delays between reflections were 3.17ps, 3.36ps 
and 3.43ps according to the time sequence. The later reflection re-
sulted in longer optical delays as the pulses were dispersed during 
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Figure 6.3: The schematic diagram shows the THz beam path A propagating into 
the cartilage and reflecting off internal layer interface. The path B is representing 
the beam path on surrounding area which is multi-reflected by the brass mirror. 
traveling. 
The typical THz response of catilage shows a decreasing intensity 
after the first trough and this may be explained by increasing refrac-
tive index along the cartilage. Moreover, the first trough with O.33ps 
optical delay behind the first reflection indicates a sharp refractive 
index change inside the cartilage. It corresponds to a thickness less 
than 57Jjm (O .33ps x 173Jjm) , and thus is possibly due to the super-
ficial zone of the hyaline cartilage. However, it is not identical to 
the result from the femoral condyle measurement in chapter 5 that 
a peak is found after the first pulse instead of a trough here. Since 
only few slice cartilage samples were studied, further work is needed 
to investigate the cause of the difference. 
6.1.2 The influence of pressure on cartilage thickness 
In figure 6.4, we found that the typical THz responses observed 
from all the scans with a brass mirror on top of the cartilage have 
troughs due to the mirror. While we exert external force to press 
the cartilage against the measuring window, the cartilage was com-
pressed and the cartilage thickness decreased temperately. Hence, 
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Figure 6.4: Typical impulse responses of two sliced cartilage samples measured 
under different conditions. L: scan of the larger cartilage, S: scan of the smaller 
cartilage , M:mirror on top , P:external force applied. 
the optical delays (including the one between first reflection to sec-
ond reflection and the one between first reflection to last reflection) 
are shorter and shorter when more force are exerted on the slice 
cartilages , so ODSMP < ODsM < ODs, where ODSMP denotes the 
optical delays obtained from S: small cartilage scan with M:the mir-
ror and P: the external force, and same denotations for the other, 
L: large cartilage. 
Larger scale plots of the cartilage measurements without the mir-
ror are shown in figure 6.5, a small peak is found in the later part of 
these two THz responses which is the reflection off the air/cartilage 
interface. It means the THz beam passed through the whole carti-
lage sample and further ensure the last reflections of the measure-
ments SM, SMP and LM are due to the mirror reflections. Since 
the amplit ude and the arrival time of the first peaks of them are 
comparable to the air reflection, these two scans should not under 
good contact and air gaps may exist between the samples and the 
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Figure 6.5: The typical THz impulse responses of the sliced cartilage samples 
quartz window. It happened in the LM scan too. It becomes explicit 
by looking at the pulse amplitude of the raw THz waveforms from 
these five scans in figure 6.6. Only SM and SMP scan give clear 
drops in intensity. 
6.1.3 Estimation of surface refractive index of sliced car-
tilage samples 
We estimated the surface refractive index and absorption coefficients 
of the slice cartilage using the extraction method described in section 
5.1.2. The result is shown in figure 6.7(a) and 6.7(b). The bad 
contact problem of L, S, LM scans accounts for the incorrect results 
within the dynamic range, where the refractive index is below 1 
and the absorption coefficient is negative. The estimated surface 
refractive index of SM scan is 1.9 over the dynamic range. This value 
is comparable to the result of the femoral condyle measurements 
ranged from 1.4 to 2 mentioned in section 5.1.2. 
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Figure 6.6: The typical THz raw waveforms of the sliced cartilage samples. 
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Figure 6.7: ( a) The surface refiecti ve index of the five slice cartilage scans. The 
below one value of L, LM, S scans indicate they were scanned under bad con-
tact. (b )Absorption coefficient s of the five sliced cartilage scans. 
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Figure 6.8: (a)The raw waveform (the blue line) and cropped raw waveform (the 
dashed line) from the CSM scan (b )the deconvolved impulse responsea from the 
raw waveform (blue) and the cropped raw waveform ( the red line) respectively 
6.1.4 Comparison between sliced cartilage and knee joint 
measurements 
The resulting THz impulse responses are different for t he knee joint 
measurement and the slice cartilage measurement. The former gives 
three reflections: (l)peak, (2)second peak, (3) t rough. In cont rast , 
the later gives three reflections due to the cartilage and the last re-
flection due to mirror in the order: (1 )peak, (2)trough, (3)second 
trough (4)third trough(mirror reflection). So the phase change of 
second reflection did not match between these two measuring meth-
ods. However, we found that if we cut the mirror reflection from the 
raw waveform of the sliced cartilage measurement by zero padding, 
the deconvolved impulse response would resemble the one of knee 
joint measurement. 
We selected the data from the SMP scan as an example and it 
is illustrated in figures 6.8. The red dashed line in t he left figure 
indicates the cropped raw waveform and the red line in right figure 
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Figure 6.9: The blue pulse is the typical impulse response of CSMP scan with low 
pass filter parameter LF equals to 512. The red and green pulses are processed 
data of cropped waveforms using LF=512 and LF=25 respectively. 
is the its deconvolved impulse response. In this case, the sliced 
cartilage sample impulse response shows a second peak and gives 
a similar pulse profile as the typical impulse response of the knee 
joint measurement (can refer to the figure 5.1 (b ) ) . The low pass 
filter paramet er (LF) required during the deconvolution process is 
identical for the two responses in figure 6.8. When the LF is set to a 
lower value, the impulse response from cropped raw waveform would 
change t o the form of the typical sliced cartilage response. This filter 
effect is illustrated in the figure 6. 9 where the blue pulse (from intact 
raw waveform) and red pulse (cropped w,aveform) are deconvolved 
using LF~512 whereas the black pulse (cropped waveform) using 
LF~25. But 25 is not a common value to LF, it is generally too low 
to extract a correct waveform. For a 512 points dataset, we generally 
use t he value range from 250 to 512 for extracting the cartilage THz 
response. This effect due to low filter setting may therefore account 
for the difference between t he typical impulse responses of knee joint 
measurement and slice cartilage measurement. 
According to the correlation with histological records, the trough 
is most likely due to the interface between the hyaline cartilage in-
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Figure 6.10: (a)Raw waveforms and (b )impulse responses of decalcified subchon-
dral bones 
terface and lesser chance is due to calcified-cartilage/bone interface. 
In the slice cartilage, no subchondral bone is attached to it and so 
the second trough obtained in its processed data must not be caused 
by the reflection off the calcified-cartilage/bone interface. The sec-
ond trough here in turn concretes the assumption that peak-trough 
optical delay found in knee joint measurement is the reflection off 
hyaline / calcified int erface. 
6.2 Bone 
Subchondral bones were measured with the probe system for study-
ing their THz optical properties. Two bones were excised from knee 
joint samples being decalcified. Their raw THz waveforms and de-
convolved impulse responses are demonstrated in the figure 6.1.4. 
The raw data were obtained using the single point measurement 
while the probe was holding still on clamp. The processed data 
are deconvolved with the new baseline offset s. The refractive index 
and absorption coefficients are provided in figure 6.2. The refrac-
tive index of the decalcified bones are around 1.3 - 1.7. However , 
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Figure 6.11: (a) Frequency-dependent refractive index and (b ) absorption coeffi-
cients of decalcified subchondral bones 
t he decalcification step may change the bone properties, this result 
t herefore is not directly applicable to the refractive index of the 
subchondral bone layer inside the knee joint samples we measured. 
D End of chapter. 
1.0 1.2 
Chapter 7 
Transmission System Result 
A transmission system has been developed for studying the material 
properties of some biological samples over the THz regime. The 
system setup is described in section 3.5. For this work, we targeted 
to extract the THz optical properties of cartilage and bone tissues 
from transmission data. Thus, it could be used to convert the optical 
delays obtained from the reflection response into cartilage thickness. 
7.1 Data Validation 
7.1.1 Water spectrum 
THz is strongly attenuated by water. So any water vapour in the air 
would greatly reduce the power of the THz beam propagating in the 
system. For the reflection system, we pumped compressed nitrogen 
gas into the system to decrease the humidity to 5%. For the safty 
reasons, the gas is replaced by the compressed air for the transmis-
sion experiment. Using the compressed air, the humidity can reach 
6%. But the gas would leak while we open the box for replacing 
samples, the average humidity during measurement is generally 10-
15%. The THz spectra in the figure 7.1 shows the comparison before 
and after the gas was purged the system. Absorption dips due to 
water vapour are found at 1.2 and 1.7THz which coincide with the 
water absortion spectra observed from other groups. [46]. 
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Figure 7.1: The transmission spectrum of water vapour. 
7.1.2 Quartz measurement 
100 
To validate the data, we measure the quartz window with known 
refractive index 2.12 across the THz regime. This quartz window is 
made of the same material as the sample windows of the imaging 
system and the probe. The transmission waveforms of the quartz 
and t he air are shown in figure 7.2. A 7.6ps optical delay is found 
between two waveforms and the quartz thinkness is about 2.1mm. 
Given these two parameters , the calculated refractive index using the 
equation 2.64 is about 2.09 which is close to the published values 
[13] . 
Oscillating pulses after the main pulse are due to multi-reflection 
between optics , it suggests that the setup was not optimized during 
measurIng. 
7.2 Liquid cell 
The liquid cell is t he holder that we use for measuring some liquid 
samples and some small , thin biological samples. The liquid cell in 
figure 7.3 is mounted vert ically on a three axis tunable stage and 
placed perpendicular t o the THz beam as demonstrated in figure 
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Figure 7.2: The tranmission waveforms of quartz and air. 
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Figure 7.3: (a)The liquid cell with sliced cartilage sample inside. (b)Liquid cell is 
mounted vertically on the tunable stage. 
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Figure 7.4: Three combinations of liquid cell 
7.3(b). The liquid cell can be arranged in three combinations as 
illustrated in figure 7.4. For liquid samples or samples with the 
same thickness as the cell space, we would take the sample mea-
surement and reference measuerment(air) using combination A. For 
samples with thickness greater than the cell space, we use combina-
tion B instead and take the corresponding reference measurement 
with combination C and adjust our calculation accordingly (can re-
fer to Section 2.4.2 ). The refractive index of the liquid cell is about 
1.52 to 1.53THz over the THz regime. 
In figure 7.5 (a), we demonstrated the resulting waveforms of wa-
ter measurement and air measurement using a liquid cell with IOOlLm 
gap arranged in combination A. The waveform labelled as 'cell' is 
taken with the cell plates closing together -( combination C). The air 
lueasurement is nearly same as the cell measurement with no air gap 
whereas the water waveform gives a clear drop in field intensity. By 
looking at their transmission spectra in the figure 7.5 (b), we see that 
the water absorptions are present in the other two measurements as 
well. It indicates the humidity was too high during experiment and 
part of the THz beam was absorbed by water vapour. 
Water optical properties over the THz regime have been well stud-
ied by many other scientists. By comparing the optical properties of 
our water measurements to the standard result of others, we would 
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Figure 7.5: (a)The transmission waveforms and (b )the spectra of measurements of 
100pm layer water in cell, cell with windows together , and air gap in cell (100pm). 
able to validate our data from other samples. 
7.3 Cartilage Transmission Result 
Sliced cartilage samples were cut in two different axis from the rabbit 
femoral condyles for the transmission measurement. Cartilage A was 
peeled from the surface of the condyle in figure 7.6( a) using the knife. 
So it was unevenly cut and the thickest part is at the center about 
O.851Lm and the dimension is about 3.5 x 4.5mm2 . Cartilage B is 
cross-sectioned cut in figure 7.6(b) like a histological record included 
the bone layer. The upper arrow indicates the hyaline cartilage layer 
and the lower arrow indicates the subchondral bone in pale-yellow. 
The dimension of this cross section slice is about 6x9mm2 , where 
the hyaline layer is less than 2mm. This slice was evenly cut by 
a sectioning machine with lOOlLm thickness. So it can fit into t he 
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Figure 7.6: (a)Cartilage A was peeled from the surface of a femoral condyle with 
uneven thickness about 0.85I1m, measured with the liquid cell in combination B 
(b ) Cartilage B was a cross section cut from a femoral condyle including different 
cart ilage layers and the subchondral bone layer. It was cut evenly to be lOOl1m 
thick using a sectioning machine , , measured with cell in combination A. 
liquid cell using the combination A. Besides, the cartilage B was 
decalcified. 
We targeted to measured the hyaline cartilage layer and the bone 
layer from the cartilage B by adjusting the height of the stage. But 
it was difficult to ensure that the THz beam was hitting the sam-
ple and it is impossible to have the beam projected on separated 
layers. Because the beam size is about 5mm it is close to the size 
of t he slice and it is larger than the hyaline cartilage layer. As we 
can see from the figure 7.7(a), the THz waveforms of bone and the 
hyaline cartilage layer are similar and the transmission spectra in 
figure 7.7 (b) are too noisy to determine the difference between two. 
Moreover , the green waveform in figure 7.7(a) is obtained from the 
cartilage A. Since this sample is much thicker than the cross section 
slice, a clear drop of field intensity is observed and power absorption 
is obvious over the 0.3-1 .1 THz. 
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Figure 7.7: (a)The transmission waveforms and (b )the spectra of measurements 
of cartilage A in the cell , cartilage B in the cell targeting on the hyaline layer , and 
cartilage B in cell targeting on the bone layer , where t hey were plot t ed in green 
line, blue line and red line respectively(the cell gaps were 100fjm). 
7.4 Difficulties and problems 
The limitations of equipment have caused numerous difficulties for 
developing the setup and sample measuring. Firstly, the aging of 
laser diode yields problem to provide stable laser pulses . The laser 
cannot maintain in the mode-locking operation for long hours that 
limited the experiment time. Once the mode-locking mode lost , t he 
laser pulse would become continuous wave (CW) and its power can 
damage the photoconductive antennas. Two of our antenna were 
burnt during experiments. 
Secondly, due to the instability of laser system, the laser beam 
position would change after a period of time and the laser power 
would drop. However THz pulse spectroscopy requires the emitted 
pulse and detected pulse colliding at the same time which in t urn 
is sensitive to the beam alignment. Optics realignment is needed 
although there is just tiny change on the beam position. 
Thirdly, the compressed gas would leak while we replaced the 
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samples. Without a real-time humidity monitoring equipment, we 
cannot ensure when the humidity is low enough for the second mea-
surement. If water vapour is high in content during measurement, 
we would lose part of the spectrum information and the spectrum 
would be noisy. 
Fourth, the size of the cartilage layers are too small for THz to 
determine the optical properties by layers. When the beam size is 
comparable to the sample tissue, it would yield to scattering prob-
lem. 
7.5 Conclusions 
This work has demonstrated the measuring results collected from the 
bench top transmission system we developed. We used the quartz 
measurement with known refractive index to validate the transmis-
sion data. The water in cell measurement would be used to extract 
the optical properties and would compare to the standard results 
for data validating in the future work. Sliced cartilage samples cut 
from the surface of the knee joint and from the cross-section with 
subchondral bone included were investigated in liquid cells. The 
optical properties of cartilage and bone layers would be extracted 
from these transmission data for better determine the thickness from 
optical delays in the future work. 
D End of chapter. 
Chapter 8 
Conclusions and future work 
8.1 Summary 
The work in this thesis has investigated the interaction of THz radi-
ation with normal and osteoarthritis knee joint cartilages. Typical 
THz responses from femoral condyles have been observed and are 
reasonably consistent among the data obtained from the TPI system 
and the probe system. It indicates that TPI is feasible to reveal the 
internal structure of cartilage. Another contribution from this work 
is the development and testing of a THz transmission spectroscopy 
system. The system was used to investigate the cartilage charac-
teristic and will be employed for further study on other biological 
tissues. 
8.2 Discussion 
In Chapter 5 we have studied the THz response of normal and OA 
femoral condyles using the reflection geometry. These samples were 
constituted of hyaline cartilage, calcified cartilage and subchondral 
bone, where the hyaline cartilage can be further divided into three 
zones(superficial, middle and deep zones). THz impulse function 
with three reflections were obtained from most of the samples using 
the TPI system (1. Main peak, 2. second small peak 3.trough). 
107 
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The B-scan (cross-section) image of sample measurements revealed a 
layered structure among the tissue. By comparing the optical delays 
between reflections from the TPI data and the histology results, 
a good correlation was found between the peak-to-trough optical 
delays and the hyaline thickness among the normal cartilage sample. 
This means the peak-to-trough optical delays were most probably 
representing the hyaline cartilage thickness and further suggested 
t hat the peak-to-peak optical delay was representing a zone layer 
among the hyaline cartilage. 
Furthermore, we estimated the frequency-dependent refractive in-
dex from t he first reflection off the cartilage and used it to quantify 
the THz optical delays into cartilage thickness. A recent report [63] 
has presented a technique to estimate frequency-dependent refrac-
t ive index from multi-reflection, it would help to develop a more 
accurat e quantification method to estimate the cartilage thickness 
from our TPI data in the future work. 
In Chapter 5, we have also scanned the knee joint sample using 
a hand-held terahertz probe. Waveform shape from the probe data 
was reasonably consistent with that from the flatbed system, but site 
to site variation within a sample made direct comparisons difficult. 
This test suggests that it would be feasible to in-vivo monitoring the 
cart ilage development of small animals by using this intra-operative 
probe. But still t here are many difficulties need to be solved to 
make this possible. For example, the noisy environment introduced 
by t he probe increases the difficulty to resolve the second peak from 
t he TPI data. In addition, we had the probe held still for the sample 
measurement that is not practical for the real application. And the 
body fluid during surgery would greatly disrupt the THz signal. 
Due to t he bent surface of knee joint samples, it was difficult to 
maintain good contact on the measuring window. Thus, in Chapter 
6, we investigated t he THz response from sliced cartilage samples 
which were peeled off from the knee joint surface. The typical THz 
pulses we obtained from these measurements were a different shape 
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from the knee joint waveforms. The second peak found in the knee 
joint measurement were replaced by a sharp trough and it was fol-
lowed by a decreasing trend with a second trough. This second 
trough is believed to be the reflection off the hyaline/calcified car-
tilage interface as we have observed in the knee joint measurement . 
We cannot be certain of this until more cartilage samples have been 
measured. 
In Chaper 3 and Chapter 7 we demonstrated the transmission 
system we developed utilizing the phC?toconductive generation and 
detection mechanism. Some tests were conducted to investigate the 
system performance and to validate the resulting data. Moreover , 
we presented the THz transmission waveforms and spectra of the 
cartilage samples and bone layer. These data were used to extract 
the THz properties of cartilage and provide complementary infor-
mation to reflection result for better understanding the cartilage 
characteristics over the THz regime. 
These early findings suggest that TPI has the potential to mea-
sure cartilage thickness once the terahertz properties of the con-
stituent layers of cartilage have been better determined. TPI would 
then be useful for diagnosis of osteoarthritis in small animals that 
have thin knee joint cartilage. Furthermore it would be very benefi-
cial if we could develop TPI to use in vivo to monitor the develop-
ment and treatment of OA in animal research models. Thus , TPI 
could improve the study of early stage OA and reduce the number 
of animals sacrificed by measuring the same animal multiple t imes 
without sacrifice. 
8.3 Suggestions for further study 
Ensuring sample make good contact with the quartz window is dif-
ficult. If we could directly project the THz beam on the knee joint 
sample without passing through the quartz window using a TPI 
system, a clearer image will be collected that we would be easier 
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to compare the B-scan data with the sample histology. To imple-
ment this test, we may use cling film to replace the quartz window 
mounted on the imaging system. 
To make the above idea feasible the area scanned needs to be 
known. Hence, we , could match it with the histological record to 
provide a more accurate comparison. It would therefore be helpful 
if we could do some marking on the sample without changing its 
THz properties, and meanwhile have an embedded camera inside the 
imaging system for location the scan area. Then we could perform 
histology according to the marking on sample. 
To better determine the frequency-dependent properties of non-
homogenuous tissue, we also need to develop a protocol for extract-
ing THz properties from multi-layered samples. 
Many imaging techniques like PS-OCT and MRI are able to re-
veal cartilage structure. In order for THz imaging to stand out in 
this area, it would need to detect some other characteristics to differ-
entiate diseased and normal cartilage. This work has not yet studied 
the spectroscopic features distinguishing the OA and normal carti-
lage and this could be the turning point for TPI to excel over the 
other techiques. As it is known that OA samples would experience 
chemical properties change since the early stage. Decreasing of the 
proteoglycan (a type of protein) is one of the remarkable symptoms. 
THz has proved its ability to identify many types of protein and 
detect its dynamic movement, it would be a great potential to see 
if THz spectroscopy could to detect the protein change during the 
early stage of OA. 
o End of chapter. 
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